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Abstract

The objective of this work was to better understémel hydration mechanisms of cements
belonging to the family of BCSAF cement in orderdevelop simple mechanistic models
which can help us to optimise mixtures of BCSAmlodir and other compounds for specific
applications.

The studied cements were made from a clinker coni52% of belite, 33% of ye’elimite
and 14% of a ferrite phase and various amountslofdrite and limestone.

From the detailed investigation of the hydratiorceiment containing 95% of clinker and 5%
of anhydrite, it has been demonstrated that theham@sm of hydration has two main
successive periods of hydration: the beginning yafr&tion is controlled by ye’elimite and
anhydrite, while the remaining of hydration is gowd by belite and the ferrite phase that
react with some of the hydrates formed during the&t period. It is GASHg nucleation rate
that governs the beginning of the hydration ofteellhe main parameter that governs the
nucleation rate of stratlingite is [S® that has to be low. C-S-H does not form as thtalini
hydrate for belite hydration because it is not dtd in the beginning due to low calcium
and silicon concentration and its formation is tiertdelayed later by the inhibition effect of
high aluminate concentration on C-S-H nucleatios. @Aconsequence, this is indirectly the
sulphate concentration that controls the beginmihgelite hydration and thus the reactions
leading to its reduction, mainly the hydration & efimite to form ettringite. Globally it is
once ye’elimite has been completely reacted thmatlisigite may nucleate. A synergy between
the reactions of belite and ferrite is found to ederate the formation of later hydrate,
hydrogarnet and C-S-H at the expense of straténgit

A similar mechanism of hydration has been found dements having higher anhydrite
contents at the exception of cements that have euangdrite than the theoretical anhydrite
content to consume all ye’elimite to form ettrimgiFor the former cements, more anhydrite
can strongly delay the second period of the hydmnatvhere both belite and ferrite react. In
the later cases, the mechanism of hydration idglifferent as belite does start to react till
the beginning of hydration certainly forming eitlzeBi containing ettringite or C-S-H.

The influence of 15% of limestone was investigatadhe cement containing 95% of clinker
and 5% of anhydrite. The results showed that liorestdid not change the first period
involving anhydrite and ye’elimite, but stronglylaged the beginning of the second period
where both belite and ferrite hydrate. This maydbe to a delayed nucleation of stratlingite
induced by a longer period having higher [FQas ettringite is stabilised by the precipitation
of carbonated AFm at the expense of calcium moifmsuiminate hydrate, thanks to the
carbonate ions brought by limestone.

Finally some perspectives are given in order taicedhe duration of the first period and then
to enable the hydration of both belite and femitare rapidly.
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Résumeé

L'objectif de ce travail a été d’apporter une maille compréhension des mécanismes réactionnels de
I'hydratation de ciments appartenant a la famikectment BCSAF afin de développer des schémas
réactionnels simplifiés permettant d’'optimiser @ments a base d'un clinker BCSAF et d'autres
constituants pour des applications spécifiques.

Les ciments étudiés ont été réalisés a partir dlunker contenant 52% de belite, 33% de ye’elimite
and 14% de ferrite et diverses quantités d’anhgdtitde calcaire.

A partir de I'étude détaillée de I'hydratation d’aiment contenant 95% de clinker et 5% d’anhydrite,
il a été démontré que le mécanisme de I'hydratadistinconstitué de deux périodes successives : le
début de I'hydratation est contrélé par I'hydraiatde la ye’elimite réagissant avec I'anhydritedia

que la suite de I'hydratation est contrélée pahladratations de la belite et de la ferrite quigigésent
avec certains des hydrates formés lors de la prenpériode. La vitesse de nucléation de la
stratlingite controle le début de I'hydratation ldebelite. Le principal paramétre qui contrdle eett
derniere est la concentration en sulfate de lagophgaeuse qui doit étre trés faible. Ainsi C-S-kkst’
pas formé au début de I'hydratation de la belitecpagu’elle n'est pas saturé a cause de faible
concentration de calcium et silicon et sa formatshretardé plus tard a cause de l'inhibition @e s
nucléation par de trop fortes quantités d’alumimatesolution. Par conséquence, c’est indirecteiaent
concentration en sulfate de la solution qui coetitéldébut de I'hydratation de la belite and alesi
réactions conduisant a sa réduction a traversdeaigitation de phase notamment lors de I'hydratatio
de la ye’elimite pour former de I'ettringite. Aindiune facon générale, la stréatlingite commence a
nucléer quand la ye’elimite a complétement réagube part, une synergie entre les hydratations de
la belite et de la ferrite permet de former desrbgcenats et des C-S-H a des temps longs au
détriment de la stratlingite formée auparavant.

Un mécanisme d’hydratation similaire a été troue@irples ciments contenant des quantités plus
importantes d’anhydrite a I'exception de ceux cquitiennent une quantité d’anhydrite supérieure que
la quantité théorique permettant de faire réagitetda ye'elimite en ettringite. Toutefois pour le
premier type de ciments, une augmentation de latgéad’'anhydrite allonge a la fois le temps
d’apparition de la seconde période et la durée différentes étapes de cette derniere. Donc
I'hydratation est globalement plus lente. Pourdeand type de ciment, contenant de fortes quantités
d’anhydrite, le mécanisme d’hydratation est assieérdnt car I'hydratation de la belite commence
deés le début de I'hydratation et conduit a la fdramg soit d’ettringite contenant Si, soit de C-S-H

L'effet de 15% de calcaire a également été étudidr e ciment contenant 95% de clinker et 5%
d’anhydrite. Les résultats ont montré que le cedcaie change pas la premiére période de
I'hydratation mettant en jeu principalement la Yiente et 'anhydrite. Par contre la seconde pégiod
durant laquelle la belite et la ferrite s’hydratesdt fortement retardée a son début. Ceci peridétia

un retard de la nucléation de la strétlingite dseadle concentrations en sulfate de la solutiommest
plus longtemps élevées par le fait que l'ettringitt stabilisée en présence de carbonate par la
formation de phases AFm carbonatées qui inhibefirtaation de monosulfoaluminate de calcium
hydraté.

Pour finir, des perspectives sont données notamaiintie réduire la durée de la premiere période de
I'hydratation et ainsi permettre un démarrage plysde de I'hydratation de la belite et de la ferri

Keywords: Belite (GS), ye’elimite (GA3$), Ferrite (GAF), hydration, anhydrite, calcaire
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NOTATIONS

Oxide notation
C CaO
Al,O5
SiO,
Fe,O4
SO,
H,O
CcO,

OllT|es|T|n|>

Notation and formulae for solid phases discussed this report

Name Formula Name Formula
Belite C,S Monocarboaluminate C.A.C C Hyy
Ye'elimite C ,A3$ Hemicarboaluminate CsA. }/ZC C }é CH.Hy;
Anhydrite C$ Stratlingite C ,ASHg
Ferrite C ,AsFux Katoite (hydrogarnet) C 3AuyFySHe2
Ettringite C 3A.3C$.Hs; Calcite (limestone) CE
Monosulfoaluminate [C 3;A.C$.H, Gibbsite AH ;

Sample coding
k165-400B-xA means that clinker k165 and anhydsigee ground separately to about
400m?/kg Blaine specific surface area in a lab tmalll and then mixed in the ratio (100-x):x
by mass. (x=0, 5, 10 and 20)

k165-400B-5A-15L means that limestone and ceme@5#00B-5A were mixed in the ratio
100: 15 by mass.

Annex coding
Annex x-y means the sYAnnex mentioned in Chapter X.

Coding of Figures
Figure x-y means the®YFigure mentioned in Chapter X.
Figure xAy-z means the*ZFigure mentioned in Annex x-y.
* note: Main Figures in Chapter 3, 4, 5 can be tbumthe end of the chapter.

Coding of Tables
Table x-y means the®YTable mentioned in Chapter X.
Table xAy-z means the®ZT'able mentioned in Annex x-y.
* note: Main Tables in Chapter 3, 4, 5 can be foumthe end of the chapter.
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Chapter |

Introduction




1 Introduction

1.1 Political and social contexts

Today, it is widely accepted that a close link exibetween increased concentrations of
greenhouse gases and climate variability (Figui¢. 1-
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Figure 1-1: Average temperature in the northern hemisphere in the last millennium [1]

According to the Precautionary Principle, committseio reduce greenhouse gas have been
made in 1997 under the Kyoto Protocol.

1.2 Actuality of cement industry and the reaction of Ldarge

Cement production is regarded as the third largestce of CQ after the combustion of
fossil fuels and deforestation. With the increasrequirement of cement, particularly in
developing countries, it is expected that emissmnSO, related to cement manufacture and
use will double by the middle of this century.

Lafarge, the world leader in construction materiasthe first industrial group to become a
WWEF Conservation Partner, with a relationship thegan in 2000. Within the terms of this
unique partnership, WWEF is contributing to the ekpe Lafarge that needs to develop in
order to improve its environmental policies andcfices and to raise awareness of the
importance of sustainability and biodiversity canséion.

In November 2001, Lafarge made the important comenit to reduce its COemissions
globally by 20% per ton of cement produced over peeiod 1990 - 2010. Lafarge also



committed to reducing its absolute €@missions by 10% in industrialized countries below
1990 levels by 2010.

To achieve this goal, Lafarge has to improve itsrgy efficiency, use alternative fuels and
produce cement in ways that are less carbon-inten8VWF will be strictly involved in the
implementation and monitoring of the program.

Lafarge has also published its first sustainableel@ment report, which concerns the
economic, social and environmental issues relatethé group’s activities in 75 countries.
Among environmental objectives, in addition to reidg emissions, the Lafarge group will:
* Audit all its production sites every 4 years to édan environmental assessment site
by site (CQ emissions, water consumption, energy and raw magersed, etc.).
* Achieve a rate of 80% of operated quarries foretkieaction of construction materials
to have a rehabilitation plan.

1.3 Lafarge’s approaches to reducing CQemissions.

Numerous studies have been carried out in the Earogement industry to reduce £0
emissions. The only current approaches are redutiaguse of cement-based materials,
replacing fossil fuels with renewable fuels and immazing the thermal efficiency of the kiln.
These three approaches probably reach their paadincits in the forthcoming decade, and
new approaches will be needed in the long term.

During the formation of clinker, calcium carbon&dransformed into calcium oxide, which
allows the escape of carbon dioxide ¢r©ontained in the limestone. This releases about
0.53 ton of CQ per ton of Portland cement. Moreover, energy conion and electricity
represents 65 to 70% of the cost of production [2].

The generation of carbon dioxide from decarbonatinraw materials (RMCg& was
calculated by Gartner [2] for different mineralatltan be found in cement (Table 1-1). For
example, we can see that the RMG@lues of GA3s$, GS and GAF are respectively 0.216,
0.511, 0.362 compared to 0.578 foySCthe phase which represents about 65 % of aalypic
Ordinary Portland Cement (OPC) [2].

RMCO, RMCO,

Cement compound Raw materials used (@/9) (@/m))

M (magnesia, periclase) Magnesite 1.092 3.91

C (calcia, quicklime) Limestone 0.785 2.63

CsS (alite) Limestone + silica 0.578 1.80

B-C,S (belite) Limestone + silica 0.511 1.70

C;A (tricalcium aluminate) Limestone + alumina 0.489 1.50

C,4AF (calcium aluminoferrite) As above + iron oxide 0.362 1.29
NS (sodium metasilicate) Soda + silica 0.361 -

CA (monocalcium aluminate) Limestone + alumina 0.279 0.83

C,A3$ (calcium sulfoaluminate) | As above + anhydrite 0.216 0.56

Table 1-1: Raw Materials CG, per unit mass and volume for the major cement
compounds of interest

Thus, classical calcium sulfoaluminate cements (C&% Table 1-2) based on ye’eliminte
(C4A3%) with lesser amounts of,§ and GAF, should give lower raw materials-derived £0
emissions than OPC.



Type C4A 3$ CzS C4AF

CSA (low ferrite) 55t0 75 15 to 30 3t06

CSA (high ferrite) 35 to 55 1510 35 15to 30

Table 1-2: Typical phase composition of CSA cemeproducts in China ([3] P. 33)

Also, considering that the thermal energy is mainoked for calcining limestone, the
reduction of limestone content in the kiln feedates a similar decrease in the energy needed
for calcination. So the composition of CSA permétsproduction process that might be
considered to be more “environmentally friendljyamh that of OPC, because:
- The quantity of limestone in the raw materials g kiln is reduced, hence both fuel-
derived and raw-materials-derived £€missions are reduced,;
- The maximum synthesis temperatures are at leastClOfwer than those required
(1400°C - 1500°C) for OPC;
- The clinker is easier to grind (i.e. less energeuired for grinding);
- Industrial waste and secondary products can bedeusre easily as raw materials [4].

CSA has been used in civil construction on a lagae since its invention at the CBMA
(China Building Material Academyih the 1970s [5], but its production has stayedlsta
around 1.2~1.3 millions tons since 2004 in China e of the main reasons is that more
aluminium is needed in the raw material to prodG&A, which makes it more expensive to
produce than OPC, and which has thus limited taioous “niche” applications which make
use of special properties such as rapid hardenirsglé-stressing (depending on the cement
formulation).

In 2004, Gartner [2] proposed that cements basduaebte, ye’'elimite and other phases could
be of interest as low-CfQalternatives to Portland cement, and a Lafargenpavas filed
based on this approach [9]. The clinkers proposeldalfiarge are referred to as “BCSAF” and
are richer in belite than classical CSA, whichwabldhe use of less expensive raw materials.
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Figure 1-2: The conception of BCSAF cement
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The preparation of BCSAF clinker and cement is deed in the patent [7]. The raw



materials used in the patent examples were avelgtpure limestone, a kaolinite clay and
gypsum. Iron was added as,Be

% CaO | SiO, | Al,03 | Fe,O3| SO; | MgO | TiO, | K,O | Na,O
BCSAF |52.48 | 1760|1690 | 7.79 | 451 | 0.21 | 0.37 | 0.08 | 0.06
% “C,S” “C 1A% Ferrite Others
BCSAF 51.4 28.6 19.3 0.7

Table 1-3: The physical (calculated) and chemicaireasured) composition of typical BCSAF [8]

Si02+503%

Bl203+Fe2 03

Figure 1-3: The position of different cements in te CSA system

1.4 Bibliography study

In Table 1-3, we can notice that belite and fergtesent around 70% by mass in BCSAF
clinker. However, these two phases hydrate monelglthan alite and tricalcium aluminate
in OPC and than ye’elimite in CSA. Therefore, tkaativity of these two phases and their
interaction with other phases, which is often neiglé in OPC and CSA due to the low
content, should be asked in detail in the case@8B8F. Therefore we must know how to
accelerate their hydration before this new typeeahent can go into production. Thus the
mechanism of its hydration needs to be understoodepth so that the concrete will have
predictable long-term performance. Both the kireetitthe hydration reactions and the nature
of hydration products need to be understood inra@a@llow us to better formulate cements
based on BCSAF clinkers. In addition, the stabitifythe hydration products under various
conditions needs to be well understood in ordebdcable to make realistic predictions of
concrete durability.

Much experience has been accumulated over manys y@arthe hydration of Portland
cements. However, the experience of OPC hydrateomat be applied directly to BCSAF
cements, which have completely different phase @mitipns. Numerous studies were done
on Chinese CSAs, which could give us some ideasieider, care should be taken when we



compare experimental results, because CSA clinkleat are prepared under different
conditions have a wide range of compositions.

1.4.1 Reactivity of principal constituents of BCSAF cement and their
hydration

In the clinker, all the anhydrous phases do notlihe same reactivity.

C4A3$ (Ye'elimite)

In Chinese industrial CSAs,,&3% crystallizes in the form of very thin hexagonalpseudo-

hexagonal plates (5-1m) [9], which is considered as the most reactive pfi8d.1,12,13],

especially in the presence of lime or calcium satpt{14,15,16]. In CSA products, calcium
sulphate, in form of anhydrite or gypsum, is adde the clinker to govern the initial
reactions and to give the early strength [17]. Téwction between B3$ and anhydrite was
studied [14,15,16]. It was shown that the natur@ quantity of hydration products depends
on the availability of anhydrite (C$) compared tgAS$:

e Without calcium sulphate, the final hydrates of ejfighite are calcium
monosulfoaluminate hydrate and aluminate hydroxiBeaction equation can be written
as:

C,A3$ + 18H= C,A$H1, + 2AH; AL

« If the molar ratio between C$ and ye’elimite equalsigher than 2, the final hydrates are

ettringite and aluminate hydroxide. Reaction eaquratian be written as:
C4A3$ + 2C$ + 38H= CsAP3H3, + 2AH; (1.2)

» If O< (molar ratio between C$ and ye’elimite)<2e timal hydrates are a mixture of
calcium monosulfoaluminate hydrate, ettringite ahdninate hydroxide. Reaction
equation can be written as:

2C4A3$ + 2C$ + 38H= CAS3H3, + CLASH 1, + 4AH: (1.3)

Belite
The majority of belite crystals in Chinese CSA arecrystallographic form with a low
proportion of 3 form. The crystals are very fine, usually lessntt2a5 um and intimately
mixed with the crystals of 3% [18]. o'-C,S is considered more reactive tH&€,S [19].
Nevertheless, it should be noted that even inah@ B-C,S, belite might present a high level
of activity with its large specific surface [20] tire presence of sulphate in its structure [21,
22]. Therefore, the belite in CSA could be ‘moraative’ than that in OPC. The hydration of
belite was also studied by lots of authors, antiytdration was found much lower than that of
CsA3$ [23,24]. C-S-H was identified as hydrates by scamthors [25], ([3] P.159), while
stratlingite by some others [26]. According to thiéerent hydrates, different equations were
proposed:

C.S + 2.8H= CxSH(x+0.8) + (2-x) CH (1.4)

GS + AH; + 5SH= C,AHg (1.5)

Considering OPC, the studies on belite hydratian ratatively fewer than those on alite.

However, hydration of belite is much slower, bumhiar to that of alite in order to form both

C-S-H and portlandite. Therefore, we can expeat the parameters that modify alite will

also influence belite hydration. Three parametarewn on alite may thus be useful to

consider for belite hydration in the case of CSA:

* Hydration of alite seems to be strongly delayedloyninium in the solution [27,28].

» Calcium sulphate in form of anhydrite or gypsunt, fmainly limestone can accelerate the
hydration of GS [29].



Ferrite

Ferrite phases in sulfoaluminate cements have diffigrent compositions compared to those
present in Portland cement, with the concentrat®ingi and Mg that can not be negligible
[30]. In high ferrite CSAs, the composition of fgeris found close to &\F,, while in low
ferrite CSAs, ferrite is found close tQAF [31]. GAF were found "more reactive" than those
present in the OPC [32], perhaps due to the lowesing temperature. However, the
hydration of ferrite in CSAs was found much slowan GA3s$ [23]. Perhaps that is why in
industrial CSAs products, calcium sulphate additeodefined only in terms of the content of
C,4A3% in the clinker [33], without taking consideratiaf reaction of ferrite and calcium
sulphate. The hydrate phases of ferrite were itledtas AFt, AFm and ion gel (R)H which
contribute to later strength development [34].

Ferrite hydration in OPC cement is found much slothan that of alite ([21] P.187). Its
hydrate phases were found as AFt, AFm and hydregdqf81] P.207). Its hydration was
found mainly delayed by the presence of gypsunttoerdorm of calcium sulphate [35]

Limestone

Limestone is commonly interground with OPC [36] &8A [9]. The effects of the limestone
are partly physical and partly chemical. Firstctal surface can play as nucleation sites for
C-S-H and thus enables;®& hydration to reach greater percentage of readbefore
becoming slow but this also reduces the inductieniop. Second, carbonate ions help to
stabilize ettringite at the expense of calcium nsutf@aluminate hydrate when the sulphate
concentration becomes low. Also at longer agessiwzal monosulfoaluminate hydrate can
react to form some carbonated AFm phases:

3C3A.C$.Hi+2CE + [CO3) % +2[OH]+17H > C3A.3C$.Hsz + 2GA. yZCE : %CH.HM (1.6)

Further reaction with [C€*, calcium monocarbonate aluminate hydrate can ceptalcium
hemicarbonate aluminate hydrate. This is reportgt m the literature of OP[37] and CSA
[3, P. 165]. But, in CSA experiments, WANG and SJP.165] considered that the limestone
iIs @ more chemically reactive constituent in CSApared to OPC.

1.4.2 Potential interaction between BCSAF cement co  nstituents

In BCSAF cement, anhydrite is added as calciumhsugsource. Limestone was also added
as admixture. Figure 1-4 and Figure 1-5 could helpo synthesize the potential interactions
between the constituents in order to assess theleaity of the hydration.
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Figure 1-4: Potential interactions between the maironstituents of BCSAF cement
without limestone

From the literature, one can have a first guesshef relative intensity of the potential
interactions knowing that all the interactions willcourse do not arise at the same time:

Interaction 1 (C4A3$/C3):
Hydration of ye’elimite is expected to be acceleddby the presence of anhydrite.

Interaction 2 (Ferrite/C$):
Ferrite hydration should be strongly delayed bygtesence of anhydrite.

Interaction 3 (ye’elimite/ferrite):

No direct interaction between these phases is tegoHowever, we can imagine that
dissolution of ferrite could liberate more calciland aluminium ions to participate to the
hydation of ye’elimite in equation (1.1, 1.2, 1.3).

Interaction 4 (C,S/ C,A3$):

No direct interaction between these phases is teghorHowever, we can imagine that the
calcium ions liberated by belite can acceleratenydration of ye’elimite. Also, if ye’elimite
dissolves very faster in the solution, aluminiunm@entration would delay C-S-H nucleation
and thus may be belite hydration.

Interaction 5 (ferrite/C ,S):
Both GS and ferrite hydrate slowly in CSAs and OPC. Weioaagine that the dissolution of
each phase can accelerate the hydration of eaeh oth

Interaction 6 (anhydrite/belite):

Sulphate can accelerate the hydration ¢8.CThis acceleration effect can be expected to be
reproduced in the hydration ob® for OPC. However, this effect is not well repdrte the
hydration of CSAs.

The addition of limestone, will add three main poi@ additional interactions:
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Figure 1-5: Potential interactions between the maicomposite of BCSAF cement
containing limestone

Interaction 11 (ye’elimite/limestone):

Limestone may accelerate the hydration of ye’eknaibnsidering equation (1.1). In equation
(1.2), calcium monocarbo aluminate hydrate candsenéd instead of calcium monosulfo
aluminate hydrate.

Interaction 12 (ferrite/limestone):
Limestone may accelerate the hydration of ferniteHere we have to consider the presence or
not of sulphate ions that changes the interaction.

Interaction 13: (belite/limestone):
Limestone may accelerate the hydration g @ its rate depends on C-S-H nucleation.

Here, it is important to note that the hydrationamihydrous and their interactions are not
necessarily simultaneous, neither consecutive. ,Alsgeality, some additional interactions
will be possible as the hydrates may also intenattt the anhydrous phases. This makes the
system even more complicated.

1.5 Organization of the thesis

Face to the adventure of a new hydration world,niest urgent and difficult mission of this
study was to adapt the experimental methods géyenaplied to OPC to our cement. This
work was partly done during my initial 6 monthsemtship at LCR [38] and has been
continuously refined over the three years of my Rhé&sis. For example, the paste studies
were initially planned to cover only one month Ibhis was finally prolonged to one year
since the hydration of BCSAF cement was proved gtilte ‘active’ after one month. As
well, the crystallographic databases used for Rldtwestimates and the thermodynamic
database used for CHESS calculations have beemgously updated.



Based on the first results of my internship [38f bjective of the thesis was defined to

focus on the understanding the hydration mechanafheement BCSAF in order to develop

simple mechanistic models which can help us tonupg mixtures of BCSAF clinker and

other compounds for specific applications [39].plarticular, five key scientific questions

were raised at the beginning of the thesis:

1) confirm the that major initial reaction for BCSAEments is: C;,Az$ + 2C$ + 38H=
CsA$3H32 + 2AH;,

2) assess how the quantity of the initial solubleael influence the later hydration,

3) determine the parameters that control ferrite phgseation,

4) determine the factors that control belite hydraaon induce a retardation of its start,

5) check if limestone has an accelerator effect oiedlel/dration such as in OPC,

In order to progressively answer the questionsedqighe following methodology was
followed:

- The description of k165 clinker and of the methogtoduce the cement from k165
clinker (chapter 2) but also of the experimentaategy to study hydration, were
reported.

- The hydration of a cement containing 95% of clink&85 with 5% anhydrite addition
by mass was deeply investigated both in paste aspession and some additional
experiments on pure phases were performed (chapter

- The hydration of clinker k165 blended with diffetequantities of anhydrite (0, 5
(done at chapter 3), 10 and 20 weight %) was inya&tstd in chapter 4 following the
same methodology as in chapter 3

- The effect of 15% limestone on a cement contai®sgo of clinker k165 with 5%
anhydrite addition was studied and also some phuese systems were studied to
check some hypothesis (chapter 5)

During the three years of my PhD thesis, most waak done in the C{project team in LCR
(Lafarge Research Centre) under the supervisidheoproject manager, Gunther WALENTA
and the principal scientist, Ellis Gartner. Denianfddot of Civil Engineering department at
Ecole des Mines de Douai was my PhD supervison,Alsorder to facilitate the experience
learning of Chinese CSA, the vice-president of CBMMII Tongbo, was also involved in the
thesis as one of my supervisors.
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2 Materials and Methods

A specific BCSAF clinker, named k165, was usedrtwipce the cement studied in the thesis.
Thus this chapter first describes k165 clinker dhd cement made from it. Then the
methodology used to study hydration during theolelhg chapter is detailed.

2.1 Materials

2.1.1 BCSAF Clinker k165

2.1.1.1Mineralogical analysis

The clinker (named “k165”) was made =t300°C in a 1.25m diameter and 16m long oil-
fired rotary kiln equipped with a rotary cooler,ing a pre-nodulized raw mix made from
limestone, kaolinite, gypsum and borax §B&;.10H,0) [7]. The elemental composition of
the clinker (Table 2-1) was determined by X-rayofkescence on a pressed powder pellet
(Annex 2-1), coupled with ICP analysis (Annex 2f@) boron and loss of ignition (LOI)
measurement at 950°C.

Oxide: |SiO, | AlL,O; | Fe,05 | CaO |MgO | K,0 | Na,0 | SO; | B,O3 | TiO, | LOI
mass % |16.21 | 17.14 | 6.58 |50.62|0.65 | 0.76 | 0.66 |5.29 | 1.32 | 0.31|0.21
Table 2-1: Elemental composition of clinker k165 egxressed as oxides

The major clinker phase composition estimated bgtweid-XRD method (Annex 2-3) is
shown in Table 2-2. One can notice that the belitgse was mostly present@<rystalline
form.

Phase | Ye'elimitel B-C,S | a'-C,S | ferrite Total
Mass (%) 33 3 49 14 99
Table 2-2: Estimated major phase composition of atker k165

Figure 2-1 shows a backscattered electron imaga g@blished section of clinker k165
obtained using a FEG-SEM (Annex 2-4). Porosity (tiyogpoxy-filled) appears black.
Belites (light grey) are typically in the range Quin and ye’elimite crystals (dark grey) are
generally somewhat smaller (14f). Compared with the same minerals in indus@idiAs,
the belite and ye’elimite in BCSAF have larger taysize [18, 9]. The ferrite phase (white)
IS present as a matrix between the other phasdgated that it was liquid at clinkering
temperatures, as expected [40].
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Figure 2-1: Typical FEG-SEM BSE image of clinker k5

2.1.1.2Content of foreign ions in GS

In an industrial OPC clinker, S can incorporate up to 4-6% (wt) foreign ions hsas Af*,
Fe”, S Mg*, K', Na, P*, B*, etc([19], P.18). These ions can promote chemical
combination at high temperature based on the efiédtabilizing the crystalline form of
certain mineralogical phases present in the clinker

Chemical composition of &S in k165 clinker was investigated. Selective digson with
KOH and sucrose was used to remove the other pifiasagpowdered clinker (Annex 2-5).
Then the elemental composition of the residues dedsrmined by X-ray fluorescence on a
pressed powder pellet, coupled with ICP analysidb@won and loss of ignition measurement
at 950°C (Table 2-3).

Oxide: | Al,O3 | CaO | Fe,0; | K,0 | MgO | Na,O | P,Os | SiO, | SO; | TiO, | B,0s| LOI | Total
% | 1.52 |61.82| 1.41 |0.38|0.92 | 0.76 | 0.09 |29.18|0.40|0.20 | 2.42 | 1.28 | 100.38
Table 2-3: Elemental composition of @S expressed as oxides in clinker k165

From Table 2-3, we see that thgSGontains about 0.76% (2.42%*22/70) of elementabib.
Given that there is about 52%%in this clinker, the B in £5 represents 0.76%*52% =
0.39% by mass of clinker. Since the total B in tlisker was 0.41% (Table 2-1), we estimate
that 0.39%/0.41%= 95% of the boron in this cliniecontained in the £ and that there is
therefore only about 5% in the other phases.

12



Table 2-3 also shows that the minor elements 48 @resents in total 7.44% in form of
oxides, which probably explains why®is mostly in thexr' form. To verify the Ca/Si ratio,
we suppose that 2 atoms of Kr 2 atoms of Naor 1 atom of M§" can replace 1 atom of
C&”, and that 4 atoms of*Bor 4 atoms of Al" or 4 atoms of F& or 2 atoms of & can
replace 3 atoms of 6i Based on the chemical analysis, we get a baderaiid very close to
2:

(Ca, Mg, Na, K)/(Si, Al, Fe, S, B)
= (61.82/56 + 0.92/40 + 0.76/62 + 0.38/94)/(29.08#61.52/102/4*3*2 + 1.41/160/4*3*2 +
0.4/80/2*3 + 2.42/70/4*3*2¥F 1.967

This suggests a good precision of the chemicalyarsaland of the selective dissolution
method.

2.1.1.3Ferrite phases — solid solution between8F, and C,AF

Ferrite is mainly considered as solid solution whsan be written a€a(Al«Fe;x).0s, where
0<x<0.7. Possible foreign ions in the structurduide Mg?* and St*[41], Mn®* [42], Ti** [43]
and small amounts of S@14],[45].

Some Chinese literature [31] shows a method whezmp getting pure ferrite phases in CSA
clinker by removing the silicate phases with metansalicylic acid solution (10g clinker /
60g salicylic acid, 300ml methanol) and then byaeimg G,A3$ with 5% NaCQO; solution.

In our case, silicate phases were completely rechdwyemethanol — salicylic acid solution
without forming hydrate phases. However, the secstepp was not successful ,AG$ did
disappear, but with the precipitation of Ca@ order to remove this CaG@e heated the
sample to 1000°C and then dissolved the CaO witjlerte glycol at 110°C (Annex 2-6).

After this complex selective dissolution proces® elemental composition of the residual
“ferrite concentrate” was determined by X-ray flestence on a pressed powder pellet,
coupled with ICP analysis for boron and an losgyoition measurement at 950°C (Table 2-
4).

Oxide: SiO 2 Al 2,053 |Fe, 03 | Cal MgO K,0O Na,O | SOz T|02 LOI
mass % [4.52 |13.29 [29.33 [46.88 |1.29 [0.01 [2.98 [0.44 |0.99 |0.26
Table 2-4: Elemental composition of ferrite concemate expressed as oxides

The NaO content of this ferrite concentrate is evidehilyh due to the use of MaO; during

the extraction method, but we can assume that tiver @lements represent essentially the
mean clinker ferrite phase. Thus the elemental @sitipn of this ferrite can be estimated
relatively to Al (Table 2-5).

Element Al Fe Ca Si Mg Ti S

Atoms 1.00 1.41 3.21 0.29 0.12 0.05 0.02

Table 2-5: Atom ratios of ferrite phase componentgelative to Al
Therefore, this ferrite phase is closecta.F.., with x = 0.41, but it is also necessary that Si

and perhaps other atoms substitute for Al and Feder to maintain the usual acid:base ratio.
We might also have to assume that there is diitl@ quantity of GS trapped in this residue.
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2.1.2 Anhydrite

The anhydrite used in this work was a natural nah&om Le Pin in France. Its elemental
composition was analyzed by X-ray fluorescenceiamiven in Table 2-6.

Oxide: |Si

0,]| AlLO; | Fe,0,

CaO

MgO

K,O

Na,O | SO,

LOI

mass % | 1.

93 | 0.27 | 0.12

40.05

1.01

0.06

0.02

51.12

4.65

Table 2-6: Elemental composition of anhydrite expresed as oxides

Its particle size distribution measured by the radtbiven in Annex 2-7, is shown in Figure

2-2.
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2.1.3 Limestone

Limestone used in this work was also a natural naiffieom Le Pin in France. It was crushed
to a Blaine specific surface of 400m?/kg (Annex)2i& elemental composition was analyzed
by X-ray fluorescence and is given in Table 2-7e Particle size distribution composition is
measured by the method given in Annex 2-7 and pteden the Figure 2-3.

10
Particle size [micron]

Figure 2-2: Particle size distribution of anhydrite expressed as sum function

100

1000

SiO,

Al 203

Fe,O3

CaO | MgO

K0

Na,O

SO;

P,0s5

PAF

Total

1.37

0.48

0.16

53.55| 1.03

0.05

0.01

0.14

0.02

42.39

99.18

Table 2-7: Elemental composition of anhydrite expresed as oxides
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2.1.4 BCSAF Cements made from k165 clinker

To make several BCSAF cements, clinker k165 andydnite were ground separately to
about 400m?/kg Blaine specific surface area inb@mdatory ball mill (see Annex 2-9). Then
mixtures were made according the desired mass grops, using a Turbula blender during
30 minutes to obtain a good homogeneity.

In order to facilitate the identification of cemesamples, the following coding is used in this
thesis: clinker name- Blaine specific surface @&eaf constituents with A for anhydrite and
L for limestone. For example, k165-400B-5A meardat ttlinker k165 and anhydrite were
ground separately to about 400m?2/kg Blaine spesiiitace area in a laboratory ball mill, and
then mixed in the ratio 95:5 by mass.

Table 2-8 summarizes the cement used for the thesis

Chapter Cement used
3 k165-400B-5A
4 k165-400B-0A, k165-400B-10A, k165-400B-20A
5 k165-400B-5A-15L

Table 2-8: Name of the cement used in the thesis
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2.2 Method to study hydration

Cement hydration studies were done both on ststegphensions (at W/C = 5) and on pastes
(at W/C = 0.5). The laboratory temperature was taaied at 20+2°C.

Suspension experiments were carried out in a clossetor containing 1-litre of solution that
was maintained at 20°C by a water-jacket cooled Hyermoregulated circulator. Suspension
uniformity was ensured by a stirrer operating & 83m. Conductivity and pH (Annex 2-10)
were measured continuously and recorded usingAMANDINE 421" software developed
by Lafarge. Samplings of the suspension for analy&re made at given times or at specific
features of the conductivity curve. The recoveraahgles were filtered with a Pyrex support
and cellulose membrane (HAWP Millipore). The wdteficake was rinsed on a Whatman
system (90mm diameter Whatman filter with Teflopgort) twice in acetone and one time in
ether to stop hydration, followed by storage inesidcator under vacuum in order to avoid
humidity and carbonation. Then, the powders wersmimanalyzed by XRD to identify and
quantify the crystallized and amorphous phases Witttveld analysis (Annex 2-11). The
liquid phases were acidified with HCI and dilutesh ttimes for elemental analysis by ICP
(Annex 2-2). CHESS, thermodynamic software [46]sweed to estimate the saturation
index of the solids using the results of ICP (An2ek?2).

Paste experiments were performed with 60g cemehBag water hand stirred for 30 seconds
in a plastic mortar, using a spoon. The paste Wais poured into hermetically closed Teflon
tubes in the form of cylindeb3cm * 7cm until 1 day. Then, the samples were tak@nand
stored in demineralisedvater at 20°C. Small pieces were crushed by a rexramd taken out

at age of 1, 2, 3 and 6 hours, 1, 2, 3, 7, 14 dhy8, 8 months and 1 year. The pieces were
ground in a porcelain mortar until all the powdeasged through a 100-micron sieve. The
resulting powder was treated by the acetone/etimse ras described for the suspension
experiments and then analyzed by XRD with a submsqRietveld analysis. Other
techniques, such as NMR (Annex 2-13), SEM (AnneX) 2nd DTA (Annex 2-14), were
used to supply additional results.

2.2.1 Temperature variation

As hydration is very sensitive to temperature, frasameter was followed in both systems
knowing that only small variations from room termggdere are expected thanks to the thermal
regulation in stirred suspension and the small sfzihe samples in paste. A thermal sensor
was introduced in the centre of paste sample. Testyre was registered every three minutes
in the first hour and then every 5 minutes. In smspon, the temperature was measured
directly by a thermometer every five minutes in tinst half hour, the every fifteen minutes
up to 4 hours and then every thirty minutes up tm@rs.

For example, figure 2-4 shows that the temperataeched a maximum of about 30°C
between 2 and 4 hours during K165-400B-5A hydratiopaste (about 9°C above ambient
temperature) but that by 12 hours it had effecyivallen back to ambient. On the other hand,
the temperature never went above 23°C in suspeesiperiments (Figure 2.5).
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Figure 2-4: Variation of temperature of k165-400B-3 in paste over the first 20 hours
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Figure 2-5: Variation of temperature of k165-400B-%- in suspension over the first 8
hours

The impact of temperature on the stability of pkds#s been investigated in the system CaO-
Al,03-CaSQ-H,0 with and without the presence of J@aand KO [47,48]. At 25°C, it was
shown that AH, C3AHs, CH, ettringite and gypsum are all stable phashgewcalcium
monosulfoaluminate hydrate is metastable relativettringite. However, if the temperature
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exceeds 45°C, calcium monosulfoaluminate hydrateotnes stable at the expense of
ettringite [49]. Similar conclusions can be madensidering the CaO-SiAl,05-H,0
system. Indeed temperatures lower than 50°C areerpécted to modify markedly the
stability domains of stratlingite gBSHsg) relative to hydrogarnet g8SxHs.2x) [50].

Therefore, apart from a small increase of theahkKinetics in pastes, we can consider that the
experiments in suspension and in paste shouldasmmably similar in terms of the effect of
temperature on the equilibria and thus the hydr#iaes are precipitated. However, special
attention should be paid if BCSAF cement would s®duin mass concrete where the
temperature may rise much higher due to the largleime/surface ratio.

2.2.2 Normalisation of Rietveld analysis to the ini  tial mass of solid

The results of Rietveld estimation are given by snfaaction of each phase relative to the
mass of hydrated cement. However, the mass of solide cement paste is higher than the
initial mass of cement and is also increasing whthtime. This corresponds to the mass gain
due to the water in the hydrates for a given foacof reaction (Mcw) but also to the mass
loss, mostly in suspension, due to the amountssfalved cement into the solution (Mad).

In order to be able to compare the amounts of ifiereint phases during hydration, it is thus
necessary to normalise the mass percentage giveRidiyeld analysis to the mass of the
initial anhydrous cement (Minitial, 200g for suspEm experiments, 60g for paste
experiments).

At time (t), we know from Rietveld analysis, thedtion of phase Y (Xt)) by mass of
cement paste M(t). Thus the mass of phase y(t)Man be calculated as:
My(t) = Yi(t) * M(t) (2.1)

At time (t), the relation between M(t), Mcw(t), M@dand Minitial can be expressed as:
Minitial - Mad(t) = M(t) — Mcw(t) (2.2)

Mcw(t) which is the combined water in the hydrate be estimated by the ignition loss of
the cement paste at 600°Cy M), which is generally expressed in fraction byssaf M(t).
Therefore, equation (2.2) can be changed into:(2.3)

Minitial - Mad(t)= [100'1'\32“)] * M(1) 2.3)

Equation (2.1) can be changed into (2.4):

Minitial - Mad(t) = Yh(t)* L nitial -Mad(p)
[100- Mil(1)]

*100 (2.4)

Finally, the fraction of phase Y at time (t) by mad the initial anhydrous cement can be
expressed as equation (2.5):

My(®) _ «
Minitial vh*id

_Mad(®),, 100
Minitial”  [100- Mil(t)]

(2.5)
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For suspension experiments, anhydrous dissolvedtirg solution Mad(t) can be estimated
by adding up the mass of total ions in the soluf®umpposing the solution volume remains
constant at 1L).

Table 2-9 shows the calculated value of Mad(t) riang for the hydration of K165-400B-5A
in suspension. For paste experiments, Mad (t) @digible compared to Minitial due to the
small volume of water. Thus is not accounted foowimg that also we do not have the
chemical analysis of the agueous phase in pasteriexgnts. For suspension experiments,
anhydrous dissolved into the solution Mad(t) caresmated by adding up the mass of total
ions in the solution (supposing the solution volumains constant at 1L).

Time(h) | 0 0.083h [0.16h |0.25h |0.32h | 0.5h | 1h |1.8h | 2h | 2.1h | 3h
Mass(g) | O 448 |4.42 |4.39 |4.28 |4.09 | 3.94 |3.74 |3.75| 3.56 | 3.49
Time (h) | 4h 5h |5.7h |6.25h | 8h |18.5h [22.8h | 24h | 31h [42.5h | 47h
Mass (g) |3.38 | 3.46 |3.48 |3.59 |3.47 [3.42 |240 |2.31 |2.22] 2.31 | 2.40
Table 2-9: Amounts of cement (in g) dissolved in thsolution during K165-400B-5A
suspension experiment

Table 2-10 and table 2-11 show the ignition los&raation by mass of the cement paste at
600°C, respectively in suspension and paste expeatsrnfor cement K165-400B-5A. These
experiments have been carried out by TGA and tee & ignition is calculated until 600°C.

This temperature is lower than usually performaddalinary Portland Cement paste but was
chosen to avoid mass loss due to the decarboraftionestone when present in our cements.

Time (h) | 0 [0.083h |0.16h |0.25h [0.32h | 0.5h | 1h |1.8h | 2h |2.1h | 3h
Loss (%) [0.32 | 1.42 [156 |1.78 |2.05 |2.36 |3.12 |4.31 |4.58| 4.67 | 9.26
Time (h) | 4h 5h  |5.7h |6.25h | 8h |18.5h |22.8h | 24h |31h |42.5h | 47h
Loss (%) [15.94 | 16.5 | 17.8 |18.23|21.08 | 21.85|23.87 | 23.98(28.129.35 | 28.75
Table 2-10: Loss of ignition obtained by TGA until600°C on the solid recovered during
K165-400B-5A hydration in suspension until 600°C

Time 0 |1h | 2h |3h |6h |1d |2d |3d |7d (4d |28d | 3m | 8m | 1y
Loss (%) | 0 |13.1 |15.8(15.2|17.8/17.9|18.7| 20 |21.2|26.5|27.8|28.5]|28.9|29.6
Table 2-11: Loss of ignition obtained by TGA until600°C on the solid recovered during

K165-400B-5A cement hydration in paste until 600°C

We can also normalise the results to 100g of intement if needed as for example to
calculate some volume changes during hydrationtancbompare them with other cements
like OPC.
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Chapter Il

Detalled investigation of the hydration

of cement K165-400B-5A
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3. Detailed investigation of the hydration of cemeh6%-400B-5A

The cement K165-400B-5A was chosen first. The dhjecwas to establish the basic
hydration mechanisms of hydration with the methodgldescribed in chapter 2. Precision of
each technique is discussed in the text or in timexes.

In order to facilitate the reading and to enabldiract comparison of the results, the major
figures and tables have been grouped at the ettieathapterTables 3-1 and 3-2 summary
the figures and tables giving the major resultsuspension (W/C=5) and paste (W/C=0.5)
respectively.

K165-400B-5A (W/C=5)
Conductivity Liquid phases Solid phases CHESS
pH Major Minor | anhydroug major hydratg minor hydratg calculation
Figure 3-1 | Figure 3-2 Figure 3tFigure 3-4 Figure 3-5 Table 3-3 | Table 3-4, 3-5
Table 3-1: Summary of figures and tables for the mar results of k165-400B-5A in

suspension
Solid phases
W/C=0. . .
/C=0.5 Anhydrous major hydrate minor hydrate
K165-400B-5A Figure 3-6 Figure 3-7 Table 3-6

Table 3-2: Summary of figures and tables for the mjar results of k165-400B-5A in paste

3.1 Suspension experiments

Figure 3-4 shows the mass percentage of the anhyghioases hydrating in suspension up to
2 days, relative to the mass of original anhydroersent. It is evident that all the anhydrous
phases do not hydrate simultaneously.

The amount of anhydrite declines slowly in thetftrgo hours with a sudden drop later. After
4 hours, no anhydrite can be detected by XRD. Tdvesumption of GA3$ seems to be
parallel with anhydrite; slower in the first two urs (its amount passes from 35% to 30%)
and much faster between 2 hours to 4 hours (itsuabqmasses from 30% to 10%). Only about
5% relative to the mass of original anhydrous m@&ssains after 4 hours, but its rate of
consumption slows down until ye’elimite cannot letedted by XRD at 8 hours.

The consumption of belite phase seems very sloardd.25 hours, and then accelerates in a
two stages process. Around 5% of belite is consufred 6.25 hours to 8 hours and then
around 14% from 18 hours to 23 hours. Interestintfg consumption of ferrite seems to be
coupled and proportional with the consumption ditbe

The major hydration products formed are shown igufe@ 3-5. We can find that the only

crystalline hydrate formed during the first fouruns, is ettringite, and its rate of increase is
directly related to the consumption of ye’elimitedaanhydrite (from O to 8.3% in the first

hours, then 8.3% to 48% in the following two hours)

Figure 3-2 shows the concentrations of the majentbal elements of the aqueous phase up
to 2 days. We can notice that during the first nesuthe concentrations of sulphate, calcium
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and aluminate reach 23mM, 14mM and 5mM respectivéich suggests a strong
dissolution of anhydrite and ye’elimite once mixgith water. Also the concentrations of the
alkali ions also arrive around 16.6mM after thstfiminutes, which suggests a rapidly soluble
form (e.g. as sulphates) in our clinker.

The concentration of sulphate decreases almosrtoly 5 hours. This sulphate consumption
does not appear to increase the hydroxide ion cdrate®n as pH drops in this period while
aluminate ion concentration increases (Figure 3+il}his initial period of K165-400B-5A
hydration, when the £\3$ and anhydrite are dissolving in the solution, esahthe released
sulphate, calcium and aluminate ions combine tmfettringite. Ettringite consumes less Al
than that are freed by,83$. For this reason, the concentrations of calciumd sulphate
declines, and that of the aluminium increases. Heweno other crystallized phases are
identified in XRD pattern but a very small quantidy amorphous phase is estimated by
Rietveld: 0.7%, 0.3%, 2.2% at 1h, 3h and in 5h eesipely (Table 3-3). Therefore, the
reaction of ye’elimite and anhydrite to form etgit®@ can be expressed by equation (3.1).

C/A$ + 2C$ + 32H > GA.3C$.H+ Alinag. phase.................. (3.1)

A simple mass balance can be made at 2 and 4 tmuesify equation (3.1). To simplify the
calculation, some hypothesis was made:
* All of the 16.6 mmol/litre of alkalis ((0O and NaO) which were dissolved in the
solution at the time of the first measurement werthe form of alkali sulfate.
* The quantity of GS and ferrite dissolving in the solution is nedligi and thus
considered to be 0,
* Ye'elimite, anhydrite and ettringite are pure plgase
* The volume of solution phase in the reactor staystant (1L)

Three equations can be made for the mass balaticeespect to S§) CaO and AIO; at time
t:

o A(C4A33) +A(CS) +A(R,SOy) = 3*A(ettringite) + [SQ]; 0)
o 4A*A(C4A33) + A(CS) = 6*A(ettringite) + [CaQ] (1
o 3*A(C4A33) = A(ettringite) + [ALO3]: (1)

Here,A(C4A39), A(C$), A(ettringite) mean respectively the changes in timalrer of moles of
ye'elimite, anhydrite and ettringiteA(C4A33$) = A(C4A33)0 - A(C4AsS), A(CS$) = A(CS) -
A(CS), A(ettringite) =A(ettringite) - A(ettringite}) per litre of solution (i.e. per 200g of initial
solids). [SQ]Jt, [Al.Og];, [CaO] mean respectively the molarity of sulfate,®@d and calcium
in the solution at time t. And(R.SO,) means the molarity of solid alkali sulfate, whies
we said above, equals 16.6 mM.

If we use the ICP analysis data in the equation(il)) (11l), we have onlyA(C;A3$), A(CS),
andA(ettringite) as unknown values. Therefore, we caoutate these values by changing the
equations into following form:

e A(C4A$)=[AI,03]/2-(R,SOs)/6+[SO5)/6-[Ca0]/6 ")
A(C$)=[Al,05]-(RSQn)*7/3+[SOs]*7/3-[CaO]*4/3 (Iry
. A(ettringite)=[ALOs]/2-(R.SQ)/2+[SO/2-[Ca0]/2 )

The calculated values at 2 and 4 hours are showWwabie 3-7:
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Time A(C,A39) A(C$) A(ettringite)
0-2h 2.2 -14.4 -2.0
0-4h 3.6 -32.4 -3.3
Table 3-7: Ye’elimite, ettringite and anhydrite molar calculated change (mmol)

The results mean that after 2 or 4 hours, we shioaN@ more anhydrite than at the beginning,
which is obviously absurd. This suggests that samportant hydrate phases are not
guantified by the Rietveld estimate. On the othe&md) we are confident that no significant
quantity of some other crystalline phases appeatise XRD pattern. So the only explanation
seems to be that an amorphous hydrate phase enpiag is under-estimated by the Rietveld
estimate

DTA analysis of the solids at 4 hours (Figure 38)ws indeed that, besides the peak around
140°C which is characteristic of ettringite, anatpeak is present around 275°C which fits
well with alumina gel (AH). More evidence can be found in the evolution bé t
supersaturation of the solution with respect tohtparates as calculated by CHESS in tables
3-4 and 3-5. If the value is greater than 0, it nsethat this phase could precipitate. If the
value is less than 0, this phase should dissolvprakent or if not present, should not
precipitate. According to these calculations, gitebss supersaturated until 30 hours, which
means that Aklcould precipitate at the beginning of hydrationt bfter 30 hours it should
redissolve into the solution. CAblis also slightly supersaturated. This hydrateoimetimes
observed in some CSA cements generally rich 4A3& and other calcium aluminate phase
such as A7 [51]. However, its expected dehydration peak d@°C3is not obvious in the
DTA curve perhaps because of the overlap with #akf ettringite (around 140°C). So, we
can’t rule out the possibility of some CA¢in the hydrates, but its quantitie should be small
compared to Akl Thus, it is reasonable to suppose that the dqyasftamorphous phase that
would correspond to Aklis underestimated by XRD measurement.
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Figure 3-8: DTA of solid phases recovered after 4durs of hydration of cement k165-
400B-5A
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Thus equation (3.1) can be rewritten to accounftdg precipitation:
C/A3$ + 2C$ + 38H > GAS3CS.Hp+ 2AHs....c.oevviennnne, (3.2)

Now the mass balance of the previous equationshheso

o A(C4A3%) +A(CS) +A(RSOy) = 3*A(ettringite) + [SQ]; ("
o 4*A(C4A39P) + A(CS) = 6*A(ettringite) + [CaQ] ("
o 3*A(C4A33$) = A(ettringite) + [AbOs]; + A(AH3) (1)

Unfortunately there are four variables in thesee¢hequations. However, anhydrite is no
longer detectable by 4 hours. TherefaxéC$) can be calculated at that time, as we are sure
of the quantity introduced into the cement (5% mifiyadrite compared to clinker is equivalent
to 70 mmol in 200g cement). Then(C4A3$), A(ettringite), A(AH3) can be calculated as
shown in Table 3-8. Also, the changes in molar eotst of each phase according to XRD are
presented.

Time A(C,Az$) M A(C$) M A(ettringite) M A(AH3) M
0-4h 85.4 55.7 76.5 0.00
Time A(C4A3%) C A(C$) R* | Alettringite) C A(AH3) C
0-4h 54.8 70.0 47.9 108.8

Table 3-8: Comparison of measured and calculated nar changes relative to 200g of
cement (C: calculated, M: measured, R: real) in symension experiment between 0-4h
* “real” value is different from the measured onedo the precision of Rietveld estimate for
clinker phases

If we change these values into the percentage Ig m@mpared to original anhydrous cement
in Table 3-9, this also enables us to estimate piexision of XRD with the Rietveld
estimation.

Time C,As$ M C$M Ettringite M AH ;s M
4h 9.4 0 48.0 0.00
Time C,A$C Cs$C Ettringite C AH ;C
4h 18.7 0 30.0 8.5

Table 3-9: Comparison of measure and calculated %fghases relative to the initial
mass of cement during a suspension experiment aftéh(C: calculated, M: measured)

Based on these hypotheses, and comparing theatiffes between the measured values and
the values calculated by mass balance, we canuamthat, in the Rietveld estimate:

* The quantity of amorphous in the solid phase at famwrs is largely underestimated

* The quantity of ettringite in the solid phase atrfbours is slightly overestimated

* The quantity of ye'elimite in the solid phase atrftvours is strongly underestimated.

* The quantity of anhydrite in the unhydrated cemestightly underestimated

These calculations tend to indicate that the acgu the results of XRD based on a
quantification using the Rietveld method is notywe@ood. However the calculations are
simplified and may also be different from realiblydeed the results of the thesis mainly rely
on the quantification of the phases by XRD andrdaler will see that this method provides
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reliable results when comparing experiments donthénsame conditions and with the same
cements.

After 4 hours, no solid anhydrite is detectableX®®D (Figure 3-4). However, there is still
around 5mmol/L of SE available in the solution, although this concetidradecreases to
zero by 5 hours (Figure 3-2). Therefore, we miglgpose that the reaction between 4 and 5
hours could be expressed by the following equation:

CiAs$ + 2[C&"] + 2[SQ?] +38H > GCA.3C$.Hs + 2AHs...coceeeeeee.. (3.3)

However, between 4 and 5 hours, the aqueous calmiumTentration also increases by around
1.3 mM which suggests that at least one otherual&ource, e.g., /S or ferrite, may also be
dissolving in the solution. During the same perithé, aluminium concentration increases by
around 4.2 mM, but begins to decrease after 8 h@tigeire 3-2), when no more;&3;$ can

be detected by XRD (Figure 3-4). This suggests tihatmain aluminium source is,&3$
over this whole time period.

Meanwhile, only a very small amount of calcium msuiéoaluminate hydrate (<1%) could
be detected (at 6.25h). As ferrite phase is quaisreacting, this hydrate could be due to the
final C4A3$ hydration when sulphate concentration becomes|oer:

CaAs$ +18H > CA.CSHiz + 2AHsreeeeeeeeoeeien) (4)

Small amounts (<3%) of carbonated AFm phases wecedetected after 8h due to external
contamination by atmospheric @O

Hydration of GS seems linked with the concentration of alumirsatd thus indirectly with
the presence of B3$ that maintains high concentrations of aluminafiéer 8 hours, when
aluminium concentration is decreasing a#\£$ is almost totally consumed, we can see that
the quantity of @GS is decreasing by around 5% (Figure 3-4). At thmes time, stratlingite
(C,ASHg) starts to form (Figure 3-5) and confirms the aonption of GS. Also, it is
interesting to notice that boron also starts tauamdate into the solution at about this time
(Figure 3-3). As discussed in Chapter 2, almosbfathe boron in the clinker is contained in
the belite phase and almost no boron is in ferritderefore, the concentration of boron in
solution would be expected to increase when thieebstharts to hydrate.

After 12 hours, when the aluminium concentratioordases lower to around 5mmol/L, the
quantity of GS decreases to around 30% (leading to a consumpfi@bout 15% in this
period, Figure 3-4) linked with an obvious consuimp®f ferrite phase (around 8%) between
18h30 to 23h. An increase of around 23% of strditénoccurs at the same time (Figure 3-5).
After 23 hours, the quantity of stratlingite cont@s to increase until a maximum value (70%)
at 42 hours. Also, the concentration of boron cargs increasing until 30h with a maximum
value around 0.85mmol (Figure 3-3). These obsaematconfirm that the £ probably starts
to react quickly at about 12 hours.

The very interesting point reported here, is the&& Bydrates to form £ASH;g instead of C-S-
H as usual either hydrated alone or in OPC. Thesle@ source of alumina that is expected to
come mostly from the previously precipitated AH

CS + AHy + 5H > CASHa.ooooveeeven.. (3.5)
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The formation of GASHg instead of C-S-H can be due to the poisoning etiEaluminate on
the nucleation of C-S-H that has been reportedhénliterature from experiments carried out
on GS with different aluminate sources such as mixtuwe<;S and CA [52,53,54].
Moreover C-S-H seems to be very slightly undersatal as reported in Table 3-5 while
C,ASHgs is always supersaturated (Table 3-4). Here, itigortant to note that the CHESS
calculation (Annex 2-11) for C-S-H is not takenoimonsideration the substitution of foreign
ions. In the work of BEGARIN [54] shows that in lgtion of alite in solution aluminates
ions, a small quantity of calcium alumino-silicateydrates noted as C-A-S-H could
precipitate before stratlingite, and the later wofkCHEN [55] showed that the pure phase C-
A-S-H can be obtained when the concentration afigal is less than 4.5mmol/L. In our case,
with the low sulphate, calcium and high aluminiuncentration, C-A-S-H may also be
formed in very small amounts at the hydration beigig. However, the large quantity of
stratlingite formed when belite reacts fast, suggtst the nucleation of8SHg governs the
hydration of belite during this step.

Ferrite phase can also provide some alumina analsis expected to participate to the
formation of an iron substituted stratlingite asAféem phases are detected by XRD:

C,S + G(A,F) + 10H > Cy(A,F)SHs + [C&'] and [OH] in solution....... (3.6)

Indeed after 12 hours, the consumption of fernigiuces a rapid increase of conductivity and
of pH that are mainly due to an increase in [OH

After 12 hours, the quantity of ettringite showstange behavior, decreasing by around 10%
and then increasing by 10% (Figure 3-5). Ettring{ven including Fe-ettringite), is not
saturated after 18.5 hours, which means that thatqy of ettringite shouldn’t increase after
that time. One explanation could be the formatiéra dorate-substituted ettringite whose
solubility is much lower than that of sulphate iagjite at 25°C[56], since the concentration of
boron decreases after 30 hours. But the apparergase in ettringite content from 44 hours
to 48 hours is too much to be explained by thathaesm, so it seems that the Rietveld
estimates are in cause may be due to the presémaally crystallized phases that may also
be ettringite.

Besides, some small amount of;8eSiOy(OH)g can be detected at 47h after the quantity
of Cy(A,F)SHs reaches its maximum value. The formation ohATBReSIO)(OH)s at the
expense of &A,F)SHs could be the consequence of the destabilisatidby@,F)SHs due to
the progressive increase of pH and{Tin the aqueous phase. This point is known from th
stability domains of these hydrates in the Ca@@4iSiO,-H,O system [57]. Thus
C,(A,F)SHs would progressively dissolve and the released iaosild react with ions
liberated with GS and ferrite phase to formy@,F)SH..

Also, carbonate-AFm phases are present as tracstapdtable at this time, while calcium
monosulfoaluminate hydrate is hardly detectableeéms that carbonate-AFm is more stable
than calcium monosulfoaluminate hydrate in thigeys although it can only be formed as a
result of the leakage of some atmospheric ©@ the system.
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3.2 Paste experiments

Paste experiment do not allow us to know the euwaiudf the aqueous phase but as the
volume of liquid is less, smaller quantities of wiitous phases are required to reach similar
concentrations of the agueous phase. Thus usublky,same period of the hydration is
reached at lower percentage of reaction in paste ith suspension: this is all the more true
that the W/C of the suspension is higher. As a eguence the latter steps observed in paste
may not be observed in suspension as the systenaltesdy completely reacted or the
duration of the experiment is not long enough.

The paste experiment will thus be used, first toficon the initial steps found in suspension
and also assess if other steps may arise at |aggs:

The mass percentages of the major anhydrous phrates cement paste, relative to the mass
of original anhydrous cement, are given in Figur& ®or one year of hydration. It
demonstrates again that the anhydrite was consuimgd— it had become essentially
undetectable by XRD by the second measurement, naétgée one hour. Ye’'elimite
consumption is also very rapid, about half of thatially present having been consumed
within the first hour. Its rate of consumption swlown with time but only about 2%
(relative to the mass of the original cement) remmafter 2 days. On the other hand, the
ferrite phase is consumed much more slowly — oblyua 1-2% (relative to the mass of the
original cement) is consumed by 7 days, althoughréite of consumption appears to increase
after that time (but bear in mind that the timesaii Figure 3-6 is logarithmic, which
exaggerates the apparent rate). Interestinglyhehite phase and the ferrite phase appear to be
consumed in an almost constant proportion from aaeonwards, which suggests that their
hydration reactions are somehow coupled. Theseresisons were similar in the suspension,
except that the time scale was different.

The major hydration products formed are shown gufé 3-7 using exactly same scales as in
Figure 3-6. On comparing the two, it is evidentt i@ main crystalline hydrate formed in the
first hour is ettringite, but that a significant aamt (higher than 17wt% at 6 hours, 1day and 2
days) of a X-ray-amorphous phase is formed at éimeestime. Since the,S and ferrite do
not participate yet the hydration, no silicate seuor iron source can be supplied to form C-
S-H gel or Fe(OH) gel. The amorphous phases could be aluminateTdes. is entirely
consistent with the expected reaction between iyeite, anhydrite and water to give
ettringite plus amorphous aluminium hydroxide aseady discussed in suspension
experiments:

CiAs$ + 2C$ + 38H > GCA3CS.Hi+ 2AHacccvioiecceeene e (3.2)

In order to confirm the presence of Al(QH)he solid recovered at 1 hour of hydration was
analyzed by solid state NMR fGfAl at E.S.P.C.I. (Ecole Supérieure de Physique eet d
Chimie Industrielles de la Ville de Paris). Theidadtate?’Al nuclear magnetic resonance
spectra were recorded on a Bruker DRX spectromietémm zirconia rotors rotating at 14.1
kHz for about 5 hours. (Figure 3-9) TA®&I NMR signal clearly separates the tetrahedrally-
coordinated Al nuclei (with peaks around 50-100 ppnd octahedrally-coordinated Al
nuclei (with peaks at 10-20 ppm). In ye’elimitel, thle Al is in tetrahedral sites [3, P.37], but
in the ferrite phase, aluminium atoms are distedubetween octahedral and tetrahedral sites
([19], P.25-26). Skibsteat al studied different aluminate and iron content ofcicen
aluminoferrites phases &€, Fe,xOs (with x values of 0.93, 1 and 1.33) with MAS NMR
[58]. Only with the lowest iron content ferrite (¥833), could a clear peak (at 8 ppm) be
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detected for a small quantity of octahedally cooatkd Al. However, in our NMR pattern,

we cannot observe the huge peak in 71 ppm. As oreediin 2.1, the ferrite phase is close to
C.AFu With x = 0.41, which is higher than the highesing content of Skibsted’s studies.
Therefore, we can suppose that the influence adhadral Al from ferrite phases in our

cement cannot be neglected. In octahedral sitesgte shows its peaks around 13 ppm
[59], calcium monosulfoaluminate hydrate aroundpinp[59], a non-assigned peak around
3.5 ppm [60] and gibbsite around 8.3 ppm [61]. Ur eystem, AFm was not detected by
XRD. Therefore the peak around 9 ppm can probaklyibbsite. However, the peak of
ettringite seems too weak, perhaps due to limitee f detection. Some more 27AI NMR

experiences, including some pure phase’s studds asiferrite, ye’elimite, should be done to
get quantified results and show the influence difssitution of foreign ions in AFt, gibbsite

structures.

gibbsite

tetrahedral: AFt
yeelimite, ferrite

Figure 3-9: 27Al NMR results 6f solid recovered duing Ik165-4OOB-5A hydration in
paste after 1 hour

Another interesting feature of the results is thatrate of ye’elimite consumption appears to
decrease after all of the anhydrite has been coedunSome ye’elimite is still detectable at
one week, although it has disappeared by two we&k& amount of ettringite also follows a
similar but inverse trend, reaching a maximum aiualihe same time that the ye’elimite
disappears completely (i.e. by the measuremenwatiteeks). If we assume, however, that
the anhydrite has all been consumed by 1 hourmibehanism for ettringite formation after
the first hour must be different to that shown m(2). First of all, if sulfate ions from
solution (i.e. mainly balanced by alkalis) are aonsd, there must also be another source of
soluble calcium in order to be able to make etttég

CiA3s$ + 2[C&T] + 2[SOP] + 38H > GA.3C$S.Hp + 2AHs...cieeeeeeee., (3.3)
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However, the only potential sources of sufficienagtities of calcium ions are the other two
main clinker phases, belite and ferrite. The Riehestimates in Figure 3-6 seem to show a
small decrease in the amount of ferrite betweeour hnd 1 week, but the amount of belite
actually appears to increase slightly, although tihiange is probably well within the range of
experimental error. It is thus hard to say whichihifse two phases is more involved but the
amount of calcium required is small, so it is quotessible that it mainly comes from ferrite
phase hydration. Note that one might also congfdsrye’elimite hydration could in principle
continue to give some ettringite after the disapgeee of all other sources of sulphate, by a
reaction such as:

3CA3$ +38H > GA.3C$.Hx + 2GAHg + 6AHs.......cc.eee. (3.4

However, the XRD data in Figure 3-7 also show thppearance of calcium
monosulfoaluminate hydrate at ages as early asdtwys, at a time when ettringite also still
appears to be forming, and there is as yet nodfigny hydrogarnet formation. It is therefore
more logical to assume that the formation of thiege is also mostly a direct result of
ye'elimite hydration knowing that small amount @frite phase may also form additional
amounts of this phase:

CaAs$ +18H > CA.CSHiz + 2AHa.eeeeeiee e, (3.4)

An additional parameter that may partly explain Wagation of ettringite content, relies on
the fact that ettringite may be ill-crystallized #be hydration beginning and then
progressively better crystallizes.

It is interesting to note that the amount of “anfaps phase”, expected to be mostly;AH
decreases rapidly after reaching a first maximurabatut two days, while, simultaneously,
the amount of belite decreases rapidly and the atmaistratlingite formed increases rapidly.
The reaction of amorphous alumina gel with hydatielite to give stréatlingite can readily
explain this change as observed in suspension iexget.

CS + A + BH 2> GCASHg...cciiiiiiiici e (35)
As in suspension, ferrite phase certainly also@p#te to stratlingite precipitation:
C,S + G(A,F) + 10H > Cy(A,F)SHs + [C&'] and [OH] in solution... .... (3.6)

The amount of AHin the paste reaches a minimum (effectively zésojwo weeks, which
coincides roughly with the maximum amount of sing@ite (about 50% by mass of anhydrous
cement). At the same time, we begin to see afgigni amount of an iron-containing
siliceous hydrogarnet that coincides with furthgdiation of both belite and ferrite phases.
The formation of siliceous hydrogarnet is like uspension experiment, the consequence of
the GASH;g destabilisation once pH and calcium ion conceiamancrease.

CoS + G(AF) + C(AF)SH > 2 GAF)SH; ......... (3.7)

Alternatively as pH and calcium concentration idl stxpected to increase, siliceous
hydrogarnet may be formed directly fropSCand G(A,F) hydration:

C.S + G(A,F) + 5H > C3(A,F)SH, + [C&'] and [OH] in solution ........ (3.8)
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Note also that katoite formed in the above reactioes not necessarily have exactly the
composition shown [€A,F)SH). A more general formula, GEAl,Fe)(SiOs)x(OH)x2-ax)
[C3(A,F)SHe.24 is preferable, because we are not currently tbtbetermine either the Al/Fe
ratio or the value of x with any certainty. Likes& we are not currently certain of the exact
composition of the ferrite phase in our clinker,iethis why we call it “G(A,F),” although
there are good indications that it has an Al/Fe ratt <1.

Equations 3.7 and 3.8 explain whySCand ferrite phase hydrations are linked and that
their consumption is quasi proportional during hesiod.

After two weeks, the amount of amorphous phaseniseggain to increase, while stréatlingite
and belite decrease although the ferrite phasensumed more slowly. At the same time,
some peaks that can attributed to C-fB# appear in the X-ray diffraction pattern. Irder

to confirm the presence of C-S-H, the sample at @ths (19.3% amorphous phases
according to XRD with Rietveld) was also analyzedsblid state NMR for Si at E.S.P.C.I.
The solid staté®Si nuclear magnetic resonance spectra were recadea Bruker DRX
spectrometer in 4mm zirconia rotors at 5 kHz foowtbl7 hours. The work of Kwaet al
shows that the silicon atoms in stratlingite expgedominantly in @ Qy, and Qay
environments [63]. Other studies [64] show that ¢hemical shift of Si in hydrogarnet is
around -89 ppm, the tetrahedral $i® C,S gives its signal around -70ppmofQwhile in the
structure of C-S-H, the maffiSi peaks can be found around -78 ppm)(€81 ppm(Q) and
-84 ppm(Qp) which correspond to different degrees of silicamgon polymerization. In our
spectrum (Figure 3-10), we see four main peak9pit0(Q), - 78ppm(Q), -81ppm(Q) and
-84ppm(Qp). This implies that some amount 0fSChas not yet hydrated after 8 months, and
some C-S-H can be found as hydrated phases, witsctvéll the results of XRD. However,
our results can only be used for identifying therayes. More experiments would be needed
to quantify the results and estimate the distrdoutof Si in the hydrates, for example,
hydrogarnet or C-S-H.
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0

Figure 3-10: 29Si NMR results.of solid recovered ding k165-'4OOB-5A hydration in
paste after 8 months
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We therefore assume that the new amorphous ph&s&isi (here considered to have a C/S
ratio of 1), produced by reaction of belite an@titmgite, perhaps as suggested below:

GS + GASHg 2 GASH; + C-S-Hx + (4-X)H.........cceciieienen(3.9)

About at the same time, the amount of calcium molfealuminate hydrate, also begins to
increase significantly. However there is no addiilosource of sulphate ions and we do no
see a significant decrease in ettringite at tihmetiOnce again this may be the influence of the
increase of pH and of calcium concentration thatil/dree some sulphate by two potential
mechanisms: first, a greater substitution of suiphans by hydroxide ions both in ettringite
and calcium monosulfoaluminate hydrate. Second,urghdr decrease of the sulphate
concentration to stabilize these phases as denate$tby the sulphate concentration at the
invariant points of the CaO-/Ds-CaSQ-H,0 system containing AHcompared to those that
contains portlandite (CH). Additionally if some alis are incorporated into the interlayer of
C-S-H, the equilibrium sulphate concentration woalslo markedly decrease. Thus calcium
monosulfoaluminate hydrate may be formed accorgitgthe following reaction:

2C,S + G(A,F) + [SQ?] in solution + xH > Cs(A,F).C$.H, + 2 C-S-H (3.10)

3.3 Interpretations and discussions

Comparing the results both in suspension and itepage find that the equivalent reaction
steps occur at the beginning of hydration but ghér percentage of reaction for the hydration
in suspension. As a consequence, the hydration imateuspension looks slower. As a
consequence, if we consider the difference of tizndays in suspension and 1 year in paste,
the final steps are likely not to be reached irpsasion experiment. However, the hydration
path can be described by similar chemical equatioaiscan be divided into five steps.

Step 1

W/C=5 W/C=0.5 Present phases
0-4H 0-1H ye’'elimite, anhydrite, ettringite, AHbelite, ferrite

During this step, ye’elimite and anhydrite reaatscly to form ettringite and aluminate gel
(AH3), while the hydration of belite and ferrite is yeslow. Equation can be written as:

Ye’elimite with anhydrite:
C,A3$ + 2C$ + 38H> C3A.3C$.Hs, + 2AH; (amorphous) (3.2)

Also, alkali sulphate is also a sulphate sourcey&elimite. Their reaction can be written as
(3.3).

CiAs$ + 2[C&T] + 2[SO*] + 38H > GA.3C$.H, + 2AH: (3.3)

Belite or ferrite or both could be the calcium smyrbut the quantity is expected to be very
small.

The interactions summarized in Figure 3-11 can bslpp explain this phenomenon:
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Figure 3-11: Interaction of involved phases in steft

Interaction 1. hydration of ye’elimite is accelerated by the prese of anhydrite (equation
3.2), as found in the literature.

Interaction 2: ferrite hydration is strongly retarded by the effe¢ sulphate ions in the
solution which is given by anhydrite, alkali sulpdh@nd to a lesser extent ye’elimite. This is
like if C4AF would hydrate in the presence of sulphate.

Interaction 3: ferrite could supply calcium ions to facilitate tleguation (3.3). However,
since the ferrite hydration is slow, this interaatis very small.

Interaction 4: hydration of GS is very slow in this step because even if it hoapidly
reach its solubility, no Si containing hydrates dan precipitated: due to high aluminate
concentration which is freed by the strong ye’d@rdissolution, the nucleation of C-S-H is
inhibited. Also due to the high concentration ofpbate, stratlingite and hydrogarnet are not
stable. Therefore, hydration ob&is blocked waiting for the hydrates to precigtahce the
conditions will enable it.

Step 1 ends when anhydrite is no more availablledrsystem.

Step 2
W/C=5 | W/C=0.5 Present phases
ye’'elimite, ettringite, AH, monosulfoaluminate, belite, ferrite,
4-6.25H 1H-3D Carbonated AFm

When anhydrite is totally consumed, the concemmatf aluminate and sulphate still stays
very high. However, the hydration of ye’elimitetiout anhydrite as equation (3.3), (3.4)
will drive down the concentration of aluminium asdiphate. At this time, the hydration of
C,S and ferrite is still slow.

When sulphate is still available in the solution:
CiAs$ + 2(C&" + 2(SQ%*) +38H > CA.3C$.H, + 2AH; (3.3)

When sulphate is close to zero:
CsA3$ + 18H> C3A.CS$. Hiz + 2AH; (3.4)

The interactions summarized in Figure 3-12 can bslp explain these phenomena:
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CsAsg <—C2(AF)
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C2S
Figure 3-12: Interaction of involved phases in steg@

In this step, the interactions are similar to thasestep 1, except that the aluminate and
sulphate concentrations continue to decrease. We&limite is completely consumed,
sulphate becomes too low to inhibit ferrite hydyati{interaction 3) and to avoid stratlingite
nucleation (interaction 4). However, in realitylitle amount of ye’elimite may stay in
bigger clinker grains without being in contact witlke aqueous phase and stay in the solid
phases as it can be shown in a backscattered agleictrage of a polished section of the
hydrate cement of k165-400B-5A after 7 days obthuging a FEG-SEM, Figure 3-13).

1: belite

2: ye'elimite

3: ferrite (small
white phase)

4. hydrated phases

03-Jul-03F"§

Figure 3-13: SEM micrography of cement of k165-4008A hydrated in paste for
7 days

On the other hand, aluminate concentration thatasly governed by Agisolubility is still
too high to enable C-S-H nucleation (interaction 8)ep 2 ends when&85$ is totally
consumed (in fact, quasi consumed as some ye’elimay not be in contact of water for
longer times).

Also, it is also important to indicate that the lmawation phenomena seem to play an
important role in this step, especially in suspenswhich probably facilitates carbonation.
At the same time, the quantity of calcium monoslliminate hydrate in suspension is much
less than that in paste, which probably suggestsngetition of carbonate ions and sulphate
ions to combine with calcium and aluminium sourdesleed calcium monosulfoaluminate
hydrate, calcium moncarboaluminate hydrate andiwaldhemicarboaluminate hydrate are
AFm phases [65] that can exchange anions but atse@ Hlifferent stability domains
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[66,67,68]. The extent of reaction depends ondatitvity of CG, and the environmental
condition [68]. Nevertheless AFm phases are judedled as trace in the suspension
experiment.

Step 3

W/C=5 | W/C=0.5 Present phases

ferrite, stratlingite

6.95-44H| 7D-28D ettringite, AH;, monosulfoaluminate, monocarbonaluminate, bellre,

During this step, &S starts to react with AHo form strétlingite as in equation (3.5).
C,S + AHs + 5H-> C,ASHs (3.5)
Ferrite also reacts with,S to form an iron substituted stratlingite (3.6):
C,S + G(AF) + 10H > Cy(A,F)SH; + [C&'] and [OH] in solution  (3.6)

The interactions summarized in Figure 3-14 can bslpp explain this phenomenon:
8

AHs —— C2(A,F)

N\, /s

C2S
Figure 3-14: Interaction of involved phases in stef

Interaction 7. C,S reacts with the aluminate ions in the solutiorfioton stratlingite, which
decreases its concentration. This drives Alidsolves into the solution to oppose it: thus the
amount of AH decreases. On the other hand, the aluminate ctvatten mostly determined
by AHjs, still unables the nucleation of C-S-H. This effeould be confirmed by the
hydration of belite extracted by k165 clinker (Arr2z5) in Figure 3-15.
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Figure 3-15: Conductivity trace of silicate phase o f k165 in suspension (W/C=5)

Belite from clinker k165 shows similar hydratiomgtics to those described in the literature
for other belites ([19], P.155-156). Thus belitekil65 clinker is reactive when placed in
adequate conditions but during the initial hydnated k165-400B-5A cement, belite hydrates
with a different route due to the interaction 7.

Interaction 8: ferrite starts to dissolve into the solution, Bugxists a competition with AH
to react with GS and as a consequence, its dissolution is delay#ue dissolution of Akl

Interaction 5: Despite that AH will react mostly with belite, this interaction avles the
agueous phase to reach higher pH and higher calcmmaentration leading to a further
destabilisation of Akl

The concentration of boron can be used as a tH0€sS hydration: it is interesting to note
that boron accumulate into the aqueous phase abdbening of GS reaction and then
decreases that suggests the precipitation of bettoinigite or the absorption on some phases.

This step will continue until Aklis totally consumed.

Step 4

W/C=5 | W/C=0.5 Present phases

44-48H* | 7D-2gp | Etlringite, monosulfoaluminate, monocarboaluminbggite, ferrite,
stréatlingite, hydrogarnet

* Suspension experiments of k165-400B-5A endeddtalrs.
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As both pH and calcium concentration increasegflstgite is no longer stable are expected
to be released by mostly anions exchange betwdphata and hydroxide in ettringite. This
will provide ions that may react with,E§ and ferrite phase. Thus in this stefs @nd ferrite
hydration are strongly connected to form mainlyrogarnet:

C,S + G(AF) + G(AF)SHs > 2 G(A,F)SH, (3.7)
C,S + G(A,F) + 5H > C5(A,F)SH, + [C&"] and [OH] in solution (3.8)

The interactions summarized in Figure 3-16 can bslpp explain this phenomenon:

C2ASHSs L— C2(A,F)

10 5
C2S
Figure 3-16: Interaction of involved phases in steg
Interaction 10: the aluminate concentration mostly determined b&SHs still unables the
nucleation of C-S-H but £S hydration consume 8SHg and now forms hydrogarnet instead

of C,ASHs but it needs additional calcium that is providgddarite phase.

Interaction 5, 9: Dissolution of ferrite is strongly linked with 6 hydration as both are
associated to form hydrogarnet.

This step ends when C-S-H appears that is linketti thie disappearance of,ASHg in
contact with the aqueous phase.

Step 5

W/C=5 | W/C=0.5 Present phases

i > 1M ettringite, monosulfoaluminate, monocarboaluminbgite, ferrite,
(stratlingite), hydrogarnet, C-S-H

The aluminate concentration in equilibrium with hyglarnet can be far less than the one in
equilibrium with stréatlingite. Thus the inhibiticsf C-S-H nucleation is no longer active and
then C-S-H may form along with hydrogarnet and icaicmonosulfoaluminate hydrate.

This step that occurs after several months in pastaissing in suspension as the duration of
the experiment was only two days.

Equations can be given as follows:

CoS + GASHs > CeASHs + C-S-HX + (4-X)H..cociveireicireireeennn(3.9)
2C,S + G(AF) + [SQ?] in solution + xH > Cs(A,F).C$.Hi, + 2 C-S-H  (3.10)

The interactions summarized in Figure 3-17 can bslpp explain this phenomenon:
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C2(AF)

C2S

Figure 3-17: Interaction of involved phases in step

Interaction 5: Identical to step 4, £5 and ferrite hydration are linked to be able todpice
hydrates having more calcium ions than the dissglgolids.

This step ends when,&F is totally consumed. We could have then considemother step
during which GS hydrates alone to form C-S-H

Phase composition evolution during hydration

We can conclude that compared to OPC, hydratidBGBAF stays quite active even up to 1
year. This might have some consequence on the swpi@ properties of the cement paste,
such as the macroscopic porosity that is relateddanechanical strength of the cement paste
or the concrete made from it.

The densities of the known anhydrous and hydratsedh can be found in the literature
[69,70]. Given the mass of anhydrous and hydratesgh by 100g of initial anhydrous
cement, we can easily obtain the total volume difydrous and hydrate phases in paste and
thus the volume changes during hydration (FigurE8B-We can see that the hydration
reactions at long ages (steps 3 and 4) do nottteatlich change in the solid volume, which
suggests that the macroscopic properties shouldeahanged too markedly. Nevertheless
experiments in order to record the volume chanpgesld be made to confirm that point.
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Figure 3-18: Volume evolution of a cement paste &fL65-400B-5A during 1 year, in cm
by 100g of initial cement

3.4 First conclusions on the mechanism of hydration and points
needed for further improvements

The study of a new chemical system is always natts@ous even if a lot is known on OPC.
The hydration of K165-400B-5A cement leads to a/\sgecific mechanism of hydration that
is complex (at least 5 steps) and lasts over skveomths. Moreover usual and proven
technigues developed on OPC such as Rietveld reéneneeded to be adapted to these new
chemical systems.

The steps of K165-400B-5A cement have been sumethren figures 3-19 and 3-20
knowing that the last step of the paste experingemtissing in the suspension experiment.
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Step 4

Step 1 : Step 2 Step 3

Anhydrous phases
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Figure 3-19: Steps observed during the hydration 0k165-400B-5A in suspension up to
two days
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Figure 3-20: Steps observed during the hydration ck165-400B-5A in paste during the
first year
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It appears that K165-400B-5A cement has two magtassive mechanisms of hydration: the
beginning of hydration is controlled by,&$ and C$, while the remaining of hydration is
governed by €S and the ferrite phase that react with some ohtfigates formed during the
first period.

We have made some hypothesis to explain the paeasnétat control these steps and
especially why the £&5 and the ferrite phase do not hydrate till theiroegg. Nevertheless a
careful observation of the microstructure obtaishdws some important heterogeneities and
thus the presence of local equilibria. As a consage the time at which the steps occur may
vary from a place to another of the microstructaral thus we may have less defined
boundaries between the steps than schematicaltyided.

Nevertheless with the given results, we can stadriswer the five key questions given in
section 1.4:

Question 1: confirm the that major initial reactisn CsAs$ + 2C$ + 38H= CsAS$sH3, +
2AH;
= Itis confirmed both in suspension and paste.

Question 2: assess how the form and quantity ofirthial soluble sulphates influence the
later hydration
=» This question cannot answer yet; this is the puemishe next chapter.

Question 3: determine the parameters that corgraté phase hydration,
= Anhydrite control ferrite hydration by blockingat very beginning. Ferrite hydration
will only start when sulphate concentration becormmesy low and when it will
become coupled with4S hydration.

Question 4: determine the factors that controltbdiiydration and induce a retardation of its
start
= Itis C,ASHs nucleation rate that governs the beginning ofiiydration of GS. The

main parameter that governs the nucleation ra,ASHs is [SQ]? that has to be
low. C-S-H does not form as the initial hydrate belite hydration because it is not
saturated in the beginning due to low calcium aiidos concentration and its
formation is further delayed later by the inhibiticeffect of high aluminate
concentration on C-S-H nucleation. As a consequehceis indirectly the sulphate
concentration that controls the beginning aSChydration and thus the reactions
leading to its reduction, mainly the hydration aAg$. Globally it is once ¢As$ has
been completely reacted thatASHg may nucleate.

Question 5: check if limestone has an accelerdtecteon belite hydration such in OPC
= Unknown yet: it will be answered in chapter 5.

The robustness of these hypotheses and the anewsuestion will now be assessed by

studying the hydration of cements made with kl6mker and different quantities of
anhydrite with the same experimental conditions.
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Figures and Tables of experimental
results of k165-400B-5A in paste and
suspension
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Figure 3-1: Electrical Conductivity and pH of k165400B-5A hydrated in suspension at
w/c =5
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Figure 3-2: Electrical conductivity and major chemial elements of the liquid phase
recovered during k165-400B-5A hydration in suspensn (w/c = 5) during two days
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Figure 3-3: Minor chemical elements of the liquid pase recovered during k165-400B-
5A hydration in suspension (w/c = 5) during two day
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Figure 3-4: Electrical conductivity and normalisedRietveld estimates of anhydrous
phases of cement k165-400B-5A hydrated in suspensiduring two days, in % by mass
of original anhydrous cement
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Figure 3-5: Electrical conductivity and normalisedRietveld estimates of major hydrate
phases of k165-400B-5A hydrated in suspension dugrtwo days, in % by mass of
original anhydrous cement
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Figure 3-6: Normalised Rietveld estimates of anhydrus phases of k165-400B-5A
hydrated in paste during 1 year, in % by mass of aginal anhydrous cement
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Figure 3-7: Normalised Rietveld estimates of majohydrate phases of cement k165-
400B-5A hydrated in pasted during 1 year, in % by mass of original anhydrous cement

Minor hydrate phases
Time (h) | monosulfo | Amorphous | Gibbist | Hydrogarnet | Carbonate
0.00 0 0 0 0 0
0.08 0 0 0 0 0
0.17 0 0 0 0 0
0.25 0 0 0 0 0
0.33 0 0 0 0 0
0.50 0 0 0 0 0
1.00 0 0.7 0 0 0
1.80 0 0 0 0 0
2.00 0 0 0 0 0
2.10 0 0 0 0 0
3.00 0 0.3 0 0 0
4.00 0 0 0 0 0
5.00 0 2.2 0 0 0
5.70 0 14 0 0 0
6.25 0.3 0 1.3 0 0
8.00 0 0 0 0 2.4
18.50 0 0 0 0 3.4
22.80 0 0 0 0 3.3
24.00 0 0 0 0 1.8
31.00 1.0 0 0 0 6.6
42.50 0 0 0 0 1.0
47.00 0 0 0 0.5 1.2

Table 3-3: Normalised Rietveld estimates of minor ydrates during k165-400B-5A
hydration in suspension for two days, in % by massf original anhydrous cement
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Time | Stratlingite | Gibbsite | Monosulfo | C3AHe | Ettringite | Portlandite | Gypsum | CAH1o | C2AHg | C4AH13 | CoS
5m 2.87 1.44 3.57 -0.25 | 10.01 -2.08 -0,12 0.88 |-0.29| <3 |<-3
10m 2.93 1.68 2.56 -1.24 8.95 -2.58 -0,14 0.88 |-0.79 | <3 |<-3
15m 2.87 1.91 1.85 -1.92 8.19 -2.96 -0,17 096 |-1.09| <3 |<-3
20m 3.01 1.91 1.92 -1.18 8.17 -2.92 -0,22 099 |-1.02| <3 |<-3
30m 1.67 2.45 -0.43 -3.00 5.68 <-3 -0,29 095 |-218| <3 |<-3
1h 2.64 2.25 0.69 -2.86 6.60 <3 -0,39 1.09 |-149| <3 |[<-3
1.9h 2.34 2.15 0.87 -2.57 6.54 <-3 -0,51 1.06 |-1.36 | <-3 |[<-3
2h 2.61 2.21 0.72 -2.68 6.35 <-3 -0,53 1.10 |-140| <3 |[<-3
2.15h 2.46 2.23 0.43 -2.86 5.83 <-3 -0,65 1.07 |-151| <3 |[<-3
3h 2.09 2.22 0.32 -2.82 5.40 <-3 -0,80 172 |-149| <3 |[<-3
4h 2.53 2.17 0.30 -2.30 4.31 <3 -1,34 1.18 |-1.17| <3 |[<-3
5h 3.46 1.72 1.57 0.76 2.00 -1.94 <-3 159 | 0.57 | -1.77 | <-3
5.8h 3.59 1.74 1.07 0.34 1.36 -2.05 <-3 148 | 0.30 | -2.34 | <-3
6.25h 3.51 1.69 1.56 0.68 2.14 -2.45 <-3 152 | 049 | -1.85 | <-3
8h 3.28 1.61 1.23 0.53 1.43 -1.94 <-3 1.38 | 0.35 | -2.00 | <-3
9h 3.20 1.55 1.18 0.54 1.27 -1.90 <3 129 | 0.31 | -1.94 | <-3
18.5h 2.31 0.64 0.18 0.08 -0.80 -1.44 <-3 -0.07 | -0.61 | -1.95 | <-3
24h 2.38 0.41 0.18 0.27 -1.18 -1.23 <-3 -0.31 | -0.63 | -1.55 | <-3
31h 2.14 0.00 -0.02 0.05 -1.33 -1.03 <-3 -0.94 | -1.06 | -1.57 | <3
42.5h 1.68 -0.57 0.06 0.13 -1.27 -0.62 <3 -1.67 | -1.38 | -1.09 | <-3
48h 1.50 -0.84 0.24 0.18 -0.84 -0.43 <-3 -2.01 |-1.52 | -0.84 | <-3

Table 3-4: Saturation indexes with respect to hydre phases from the agueous phase
composition recovered during K165-400B-5A hydratiorin suspension (w/c = 5)

Time |CSH09| CSH10 | CSH11 |CSH12| CSH13 | CSH14 |CSH15|CSH16|CSH17 | CSH18
5min -2.08 -2.11 -2.07 -2.02 -2.07 -2.17 -2.36 | -257 | -2.81 <-3
10min -1.98 -2.05 -2.06 -2.07 -2.16 -2.31 -256 | -2.81 <-3 <-3
15min -2.07 -2.19 -2.24 -2.28 -2.41 -2.60 -2.88 <3 <-3 <-3
20min -1.97 -2.07 -2.12 -2.16 -2.28 -2.47 -2.75 <-3 <-3 <-3
30min <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3
1h -2.38 -2.54 -2.65 -2.74 -2.93 <3 <3 <3 <3 <3
1h50 -2.67 -2.82 -2.91 -2.99 <-3 <-3 <-3 <-3 <-3 <-3
2h -2.44 -2.59 -2.69 -2.78 -2.95 <3 <3 <3 <3 <3
2h10 -2.55 -2.71 -2.81 -2.91 <3 <3 <3 <3 <3 <3
3h -2.92 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3
4h -2.61 -2.75 -2.83 -2.90 <3 <-3 <3 <-3 <3 <3
5h -2.22 -2.23 -2.18 -2.12 -2.15 -2.23 -2.41 | -2.60 | -2.83 <-3
5h40 -1.96 -1.98 -1.95 -1.90 -1.95 -2.05 -2.24 | -2.45 | -2.69 -2.90
6h15 -2.10 -2.11 -2.06 -2.00 -2.03 -2.12 -2.30 | -2.49 | -2.72 -2.91
8h -2.19 -2.20 -2.15 -2.09 -2.11 -2.20 -2.38 | -2.57 | -2.80 -2.99
9h -2.18 -2.19 -2.13 -2.07 -2.09 -2.18 -2.35 | -254 | -2.76 -2.94
18h30 | -1.75 -1.71 -1.61 -1.50 -1.48 -1.52 -1.65 | -1.79 | -1.97 -2.11
24h -1.47 -1.41 -1.29 -1.15 -1.11 -1.13 -1.24 | -1.35 | -1.51 -1.63
31h -1.10 -1.02 -0.87 -0.72 -0.66 -0.66 -0.75 | -0.84 | -0.98 -1.08
42h30 | -0.88 -0.76 -0.57 -0.38 -0.28 -0.23 -0.28 | -0.34 | -0.44 -0.49
48h -0.78 -0.64 -0.44 -0.23 -0.10 -0.04 -0.07 | -0.11 | -0.18 -0.22

Table 3-5: Saturation indexes with respect to C-& from the agueous phase
composition recovered during K165-400B-5A hydratiorin suspension (w/c = 5)
*notion of different C-S-H can be found in Annex.2-
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Minor hydrate phases

Time | Monosulphate | Hydrogarnet | Gibbsite | Hemicarbonate | Tobermorite | Amorph [%]
0 0 0 0 0 0 0
1h 0 0 0 0 0 10.5
2h 0 0 0 0 0 8.0
3h 0 0 0 0 0 11.8
6h 0 0 0 0 0 17.2
1d 0 0 0 0 0 17.1
2d 1.4 0 0 1.9 0 18.8
3d 15 0 0 2.3 0 14.2
7d 14 0 0 2.8 0 10.3
14d 2.8 3.3 0 0 0 0
28d 3.7 5.5 0 0 0 0
3m 10.5 8.8 0 Presence 4.6 18.3
8m 12.3 12.2 0 Presence 7.9 19.3
ly 12.4 23.1 0 Presence 7.9 23.0

Table 3-6: Normalised Rietveld estimates of minorydrate phases for cement k165-
400B-5A hydration in paste during 1 year, in % by nass of original anhydrous cement
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Chapter IV

Hydration of k165 clinker with different
quantities of anhydrite
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4. Hydration of BCSAF cement with different quantitiyamhydrite
addition

The objective of this chapter is to confirm the byesis of five steps of hydration and to
estimate the influence of quantity of anhydriteiidd. In order to better compare the results,
all the experiments were done under the same condiind the used calculation methods
were the same.

4.1 Choice of quantity of anhydrite

As discussed in chapter 3, anhydrite mainly paoait@s in the first step of hydration with
ye’'elimite to form ettringite and Afl as described by equation (3.2). With given peampn
(33%) of ye’elimite by mass in the clinker k165e thercentage of anhydrite needed by mass
compared to clinker can be calculated as 12.8%gwume all ye’elimite during the first step:

C/As$ + 2C$ + 38H> CA.3CS$.Hso + 2AH;3 (amorphous) (3.2)
610.25 2*136.14 g/molar

Knowing that soluble sulphates from the clinkelg(eaalkali sulphates) can also react with
ye’'elimite, we choose 0, 10% and 20% anhydrite tamtth by mass compared to clinker.

With 0% anhydrite and 10% anhydrite, we can expt&oing influence on the duration of step
1 while the following steps should come succesgivdlherefore, all the five steps should be
confirmed. These corresponding results are predem4.2.1.

On the other hand, with 20% anhydrite, we expeat 8ome anhydrite will remain after
ye’'elimite is totally consumed. In this case, thelfation of GS and ferrite are expected to
occur in a quite different composition of the aquephase that will be strongly concentrated
in sulphate ions instead of having very low conamins of sulphate. Then we can suppose
that ferrite will hydrate with the presence of adhte in order to form greater amounts of
ettringite as written by equation (4.1):

C/AF + B6C$ +2CH > 2C5(A,F).3C$.H (4.1)
486 6*136.14 g/molar

With given 14% of ferrite (considered asAF to simplify) by mass in the clinker k165, the
percentage of anhydrite needed by mass compareahker to satisfy equations 3.2 and 4.1,
can be calculated as 23.5%. Here we should metitanit still exists some other aluminate
sources, such as amorphous ;Abtought by equation (3.2) that can consume anteydoi
form ettringite if an additional calcium sourcepsesent. Therefore, 20% anhydrite is not
enough to form the maximum ettringite with k165kkr. As K165-400B-20A is expected to
be quite different than the other cements, theltesfi this cement are presented separately in
4.2.2.

4.2 Interpretation and discussion

In order to facilitate reading, the major tablesl digures of the results of k165-400B-0A,

k165-400B-10A and k165-400B-20A in suspension angdste are shown at the end of this
chapter. Tables 4-1 and 4-2 report the correspgndiles and figures the results in
suspension and in paste.
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W/C=5 Liquid phases Solid phases
Major Minor anhydrous | major hydrateninor hydrate
0A Figure 4-1 Figure 4-2 Figure 4-3 Figure 414 Table 4-3
5A Figure 3-2 Figure 3-3 Figure 3-4 Figure 3-b  able 3-3
10A Figure 4-5 Figure 4-6 Figure 4-7 Figure 48 Table 4-4
20A Figure 4-9 Figure 4-10 Figure 4-1[1 Figure 4-12 Table 4-5
Table 4-1: Figures and tables for the results of IG5 with different anhydrite levels in
suspension
_ Solid phases
WIC=0.5 Anhydrous major hydrate minor hydrate
0A Figure 4-13 Figure 4-14 Table 4-6
5A Figure 3-6 Figure 3-7 Table 3-6
10A Figure 4-15 Figure 4-16 Table 4-7
20A Figure 4-17 Figure 4-18 Table 4-8
Table 4-2: Figures and tables for the results of IG5 with different anhydrite levels in
paste

4.2.1 Confirmation of fives steps with the results of k165-400B-0A and

k165-400B-10A

Step 1

Till the beginning of hydration, the amounts of glehite (Figures 4-19 & 4-20) and
anhydrite (Figures 4-21 & 4-22) decrease. At thmeséime, the quantity of ettringite (Figures
4-23 & 4-24) increases. The quantity of amorphdussps, considered as AHilso increases

in paste (Figure 4-25) but in suspension, significamounts of amorphous phases are only
detected for k165-400B-0A (Figure 4-26). It is easy to explain these differences mainly in
paste or suspension but two remarks can be mads&t, Bs said before, a part of the
amorphous phase may be ettringite and also dutiegstispension experiment, a part of
hydrates precipitate on the wall of the vessel Hng are not recovered for the analysis
thereatfter.

Before anhydrite is consumed, the rates of hydmnadioboth belite (Figures 4-27 & 4-28) and
ferrite phase (Figures 4-29 & 4-30) stay very slow.

Therefore, step 1 is confirmed. However, the daratf this step is increased as a function of
anhydrite content (Table 4-9).

With 0% anhydrite in the cement, the sulphate cgnimom alkali sulphate and ye’elimite
dissolution passes rapidly through a maximum (25ifithafter 5 minutes of hydration
(Figure 4-1). Also, the quick dissolution of yetaite drives aluminium concentration to
about 4mmol/L in 5 minutes (Figure 4-1).
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W/C=5 | Starting time | Ending time | Duration | W/C=0.5 | Starting time | Ending time | Duration
0A* - - - 0A - - -
5A OH 4H 4H 5A OH 2H 2H
10A OH 4H 4H 10A OH 3H 3H

Table 4-9: Summary of the starting, ending time and
* Particular case: no step 1 in k165-400B-0A

the duration of step 1

The equations proposed in 3.3 are still valid:
Ye’elimite reacts with anhydrite:

C4A3$ + 2C$ + 38H> C3A.3C$.Hs, + 2AH; (amorphous) (3.2)

Also, alkali sulphate is also a sulphate sourcee&mt with ye’elimite. Their reaction can be

written as (2) considering an additional supplgalcium ions:
CiAs$ + 2[CET] + 2[SO?] + 38H > GA.3C$.H, + 2AH; (3.3)

Belite or ferrite or both could be the calcium smyrbut the quantity is expected to be very

small as these phases just hydrate very slowlyeahydration beginning.

The interactions between the constituents are #&meesthan those reported previously in
Figure 3-11.

Interaction 1: Without anhydrite, ye’elimite takes almost 9 hoarsl 3 days to be consumed
relatively in suspension (Figure 4-3) and in pagtigure 4-13) respectively. Compared to
other two cements containing 5 and 10% anhydrieecan observe the obvious acceleration
effect of anhydrite on the hydration of ye’elimite.

Moreover, the more anhydrite is added, the morengite is formed (Figure 4-23, 4-24). This
is consistent with the literature [71].

The main interactions between the constituentsimndar to those described in the previous
chapter for cement k165-400B-5A:

Interaction 2: Similar as step 1 reported for the hydration di6%400B-5A. Ferrite
hydration is retarded by the effect of sulphatesionthe solution as expected (Figure 4-31).

Interaction 3: Similar as step 1 reported for the hydration of x#®0B-5A. Ferrite could
supply calcium ions to facilitate the equation §33owever, since the ferrite hydration is
slow, this interaction is very small.

Interaction 4: Similar as step 1 reported for the hydration 06%#00B-5A.Hydration of
belite is blocked by the high concentration of ahliom (Figure 4-32) and sulphate in the
solution (Figure 4-31).

Therefore, we can see that all the interactionsiandar to that of k165-400B-5A, except the

interaction 1, which finally controls to the duratiof step 1. Step 1 ends when anhydrite is
totally consumed.
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Step 2

After anydrite (Figure 4-21) is totally consumed)phate is still available in the solution
(Figure 4-31). Ye’elimite continues to react angl gontent decreases (Figures 4-19 & 4-20)
while the amount of ettringite is increasing (Figgid-23 & 4-24).

Then, when the amount of ye’elimite is decreasiiogvly to reach zero (Figures 4-19 & 4-
20), calcium monocarbo-aluminate hydrate and caldiemicarbo-aluminate hydrate (Tables
4-3 & 4-4) could be found as traces in all suspamsixperiments. On the other hand, calcium
monosulfo-aluminate hydrate was the only AFm plasserved in paste samples (Tables 4-6
& 4-7). This tends to confirm the occurrence of iiddal carbonation in suspension
experiments. As said before, the presence offG@ming from air, calcium monocarbonate
hydrate or calcium hemicarbonate hydrate can stabdttringte at the expense of calcium
monosulfoaliminate hydrate.

At the same time, the hydration of ferrite (Figude29 & 4-30) and ¢S (Figure 4-27 & 4-28)
is always slow.

Therefore, step 2 is also confirmed and the maenubal equations proposed in 3.3 are still
valid.

The impact of quantity of anhydrite addition seemdirect on this step. Step 2 ends
successively after step 1, when ye’elimite is tgtabnsumed, thus it appends later with
greater amounts of anhydrite (Table 4-10). The tthmaof this step is quite different in
suspension or in paste: it seems more rapid wghdrianhydrite contents in suspension while
its duration increases markedly in paste.

Table 4-10 summarizes the starting time, ending tamd duration of this step:

W/C=5| Starting time | Ending time | Duration | W/C=0.5| Starting time Ending time | Duration
0A OH 18.5H 18.5H 0A OH 1D 1D
5A 4H 6.25H 2.25H 5A 1H 3D 3D
10A 4H 6H 2H 10A 3H 7D 7D

Table 4-10: Starting and ending times and of the dation of step 2

The main interactions between the constituentsiandar to those described in the previous
chapter for cement k165-400B-5A (Figure 3-12).

The explanation is similar as in 3.3: when anhgdist consumed, the sulphate (Figure 4-31)
and aluminium concentrations (Figure 4-32) stayhhigherefore, the hydration of ferrite is
slow and the hydration of belite almost inhibited.

Step 3

After the total consumption of ye’elimite (Figurésl9 & 4-20) the amount of belite starts to
decrease (Figures 4-27 & 4-28). This is confirmgdHhe increase of boron concentration in
the agueous phase during the suspension experinjiéigisre 4-33). At the same time,
stréatlingite starts to precipitate (Figures 4-34-85).
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The amount of ferrite is also slight decreasingy(Fes 4-29 & 4-30). The amorphous phases,
considered as to be mostly AHs thus decreasing for the experiment where ahtarg
phases are determined by XRD: in all paste expetisn@-igure 4-25), and only during of
k165-400B-0A hydration in suspension (Figure 4-Ztjerefore, step 3 is also confirmed for
all cements.

This step that follows steps 1 and 2 starts of ®wat longer ages with higher anhydrite
contents but its duration varies quite differentlypaste experiments compared to suspension
ones (Table 4-11). Especially the duration of sBeps very long in paste with 10% of
anhydrite.

Table 4-11 summarizes the starting time, ending tmd duration of this step:

W/C=5| Starting time | Ending time | Duration | W/C=0.5| Starting time Ending time | Duration
0A 18.5H 44H 29.5H 0A 1D 2D 1D
5A 6.25H 48H 37.75H 5A 3D 7D 4D
10A 6H 38H 32H 10A 7D 28D 21D

Table 4-11: Starting and ending times and of the dation of step 3

During this step, &S starts to react with AHo form strétlingite as in equation (3.5).

C,S + AH; + 5H > C,ASH;s (3.5)
Ferrite also reacts with,S to form an iron substituted stratlingite (3.6):
C,S + G(AF) + 10H > Cy(A,F)SH; + [C&'] and [OH] in solution  (3.6)

The main interactions between the constituentsiangar to those described in the previous
chapter for cement k165-400B-5A in Figure 3-14.

Interaction 7: The hydration of €S to form stratlingite consumes the amount of; ABIn the
other hand, the aluminate concentration mostly rdeteed by AH still disables the
nucleation of C-S-H.

Interaction 8: The strong dissolution of Aftompetes with ferrite dissolution and delays it.

Interaction 5: Ferrite will enhance the formation of stratlinglby reacting with belite.
Reaction (3.6) leads to a further destabilisatiDAlds.

Step 4

After the step 3, the calcium concentration incesags observed for the suspension
experiment (Figure 4-36). The electrical condugyivalso increases (Figure 4-37), which
suggests more [OHpassing in the solution. At the same time, thargities of stratlingite
(Figures 4-34 & 4-35), belite (Figures 4-27 & 4-28)d ferrite (Figures 4-29 & 4-30)
decrease. Meanwhile, hydrogarnet (Figures 4-38 &39%- and some calcium
monosulfoaluminate hydrate (Figures 4-40 & 4-4%¥) faund. Only traces of carbonated AFm
phases were observed in the suspensions (Tabk flable 4-4).
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This step is the longest compared to the threeiquevones: between 1 and 2 months
depending on the amount of anhydrite (Table 4-8Xnilarly to step 3, 10% of anhydrite
induces a much longer duration than 0 or 5% additio

Table 4-12 summarizes the starting time, ending timd the duration of 3rd step.

W/C=5 | Starting time | Ending time [ Duration | W/C=0.5 | Starting time | Ending time | Duration
0A 44H unknown* - 0A 2D 28D 26D
5A 48H unknown* - 5A 7D 28D 21D
10A 38H unknown* - 10A 28D 3M 2M

Table 4-12: Starting and ending times and of the duration of stp 4
*Note: suspension experiments with k165-400B-0A, k165-400B-5A and k165-400B-10A end at 48h so
this step is not ended.

Therefore, the step 4 is also confirmed and theipus hypotheses relative to the interactions
between the constituents (Figure 3-16) are stlitlva

Interaction 10: the aluminate concentration mostly determined bSHsg solubility, still
does not allow the nucleation of C-S-H butSChydrates and reacts with,ASHg to
precipitate hydrogarnet instead ofASHgs. However this requires additional calcium iong tha
may be provided by the ferrite phase.

Interaction 5, 9: Dissolution of ferrite is strongly linked with,S hydration as both are
associated to form hydrogarnet and calcium monoalufinate hydrate.

Step 5

After step 4, the quantity of stratlingite decreagEigure 4-35), the amount of amorphous
phase, in this case, C-S-H (Figure 4-25), increamed calcium monosulfoaluminate hydrate

also continues to increase in quantity (Figure X1-3herefore, the step 5 is also confirmed.

Equations and the interactions (Figure 3-17) predas 3.3 are still valid:

Interaction 5: Identically to step 4, £ and ferrite hydration are linked to be able todpice
hydrates having more [€3 than the dissolving solids.

This step ends whens&F or GS is totally consumed. Thus the end of this persodever
reached in our experiments and it is thus not ptesdo determine if its duration is longer
with higher amounts of anhydrite.

W/C=0.5 Starting time Ending time Duration
0A 1M unknown -
5A M unknown -
10A 3M unknown -

Table 4-13: Starting and ending times and of the duration of s#p 5 for paste experiments
*Note: paste experiments with k165-400B-0A, k165-400B-10A ended at 8 months.
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4.2.2 Particular case: cement k165-400B-20A

Step 1 bis

From the results both from paste and suspensioerements of k165-400B-20A, we can
observe a decrease of ye’elimite and anhydriteufleg 4-11 & 4-17) in parallel with an
increase of ettringite and certainly an amorphdussp being Akl(Figures 4-12 & 4-18). In
this case, the amorphous phase is detected alsospension but its quantity remains low
even in paste. This reaction will continue untihgrite is totally consumed at 1 day in paste
and at around 11 hours in suspension but contréwilthe other cement containing less
anhydrite, ye’elimite is totally consumed befordydlrite so step 2 does no longer exists.

Moreover, the quantity of S is already decreasing after four hours in susper(Eigure 4-
11) and after 1 day in paste (Figure 4-17). In saspn, boron starts to be accumulated into
the solution after 8 hours, which confirmgSCdissolution (Figure 4-10). Therefore, it seems
that GS reacts before step 1 is ended contrarily to tterocements that contain less
anhydrite.

However it is not easy to define the silicate contey hydrate that is formed. Indeed, no
additional crystalline phase except ettringite ésedted by XRD at that time. In Figure 4-9,
we can observe that about 10mmol/L of sulphatevalable in the aqueous phase of the
suspension after 48 hours. This can probably expla absence of stratlingite, and AFm
phases. On the other hand, the aluminate concientriat rapidly very low and thus C-S-H
nucleation may not be inhibited contrarily to théhey cements having less anhydrite.
Nevertheless the calculation of saturation indexngusCHESS shows that C-S-H is
undersaturated until 64 hours (Table 4-15, seeh& @nd of the chapter). This cannot
completely rules out the precipitation of C-S-Hitais difficult to model thermodynamically
C-S-H and saturation indexes are close to equuilibri

Another possibility would be to form a silicate taining ettringitg72]. So the dissolved
silicon ions might go initially into ettringite befe 64 hours and could precipitate as C-S-H
later.

Therefore, the reaction of hydration and the reéainteraction should be modified compared
to that for k165-400B-5A:

W/C=5 W/C=0.5 Present phases
0-11H 0-1D ye’'elimite, anhydrite, ettringite, AHoelite, ferrite

Equations can be proposed as:
Ye’elimite reacts with anhydrite:

C4A3% + 2C$ + 38H> C:A.3CS$.Hs, + 2AH3 (amorphous) (3.2)
Also, the reaction of alkali sulphate with ye’elteican be written as (3.3):

CsAs$ + 2[C&T] + 2[SOZ] + 38H > GA.3C$.Hy + 2AH; (3.3)

As belite reacts more intensely here, it could t@dditional calcium source.
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C.S O 2[C&T] + [HSIO4F (4.2
Silicate could either enter the structure of etfite or form some C-S-H.

Thus the interaction in step 1 bis could be represkon Figure 4-41:
C$
3
CsA3$ «—— C2(AF)

/e

C2S

Figure 4-41: Interaction between the phases in stéis observed during the hydration
of k165-400B-20A

Interaction 1: hydration of ye’elimite is accelerated by anhyaréts for k165-400b-5A et
k165-400b-10A.

Interaction 2: similar to k165-400B-5A. Ferrite hydration is bleck by the sulphate
liberated by anhydrite.

Interaction 3: similar to k165-400B-5A. Ferrite could supply cailti ions to facilitate the
hydration of ye’elimite to form ettringite. Howevesince the ferrite hydration is slow, this
interaction is very small.

Interaction 4: compared to k165-400B-5A, the interaction 4 betwgerlimite and belite is
modified. Ye’elimite does dissolve in the systenowver, the aluminium from ye’elimite is
consumed quickly with high amount of calcium antpbkate liberated by anhydrite to form
ettringite. This leads to a low aluminium concetima (Figure 4-9), which do not inhibit C-S-
H nucleation any longer and thugsSChydrates already in this first step. Howeveraheunt
of hydrated belite remains low and it is thus difft to determine which hydrate is formed: it
could be either C-S-H or a Si substituted ettrigit

Interaction 5: Ferrite could supply calcium ions to participatethe hydration of belite.
However, since the ferrite hydration is slow, tim®raction is very small.

This step will end when ye’elimite is total consumAlso, if we compare the duration of the
reaction (3.2) in this case with that of k165-408¥8-and k165-400B-10A (Table 4-14), we
can confirm that the duration of this step increaseh a greater anhydrite quantity.

W/C=5 [ Duration | W/C=0.5 | Duration
5A 4H 5A 1H
10A 4H 10A 3H
20A 11H 20A 1D

Table 4-14: Duration of step 1 and 1bis (only case  20A)
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Step 2 bis

After the consumption of ye’elimite, in suspensianhydrite (Figure 4-11) decreases slowly.
The rate of belite hydration is still slow, buthydrates as this can be confirmed by the
increasing boron concentration in the solution (Feg4-10). At the same time, the amount of
ettringite increases also slowly. In consideratainslow ferrite hydration, the aluminium
source for ettringite could also be AHMeanwhile, the saturation index of C-S-H, tetmls
indicate the aqueous phase is still undersatursitddrespect to C-S-H (Table 4-15, see in the
end of chapter).

In paste, anhydrite is totally consumed at 2 d#@\sthe same time, the amount of belite
obviously decreases, relatively from 45% to 35%ilevthe decrease of ferrite is much more
modest from 12% to 10%, relative to the originalsshaf anhydrous cement (Figure 4-17).
Meanwhile, the amount of ettringite increases momgortantly from 52% to 70% (Figure 4-
18). Additionally the increase of the ettringitentent observed by XRD may also arise from
an improved crystallization of ettringite over timae.

Therefore, the reaction of hydration and the reéainteraction should be modified compared
to that defined cements with lower anhydrite amsunt

W/C=5 W/C=0.5 Present phases
11-32H 1D-2D anhydrite, ettringite, AHbelite, ferrite

The equation during this step can be proposed as:
C,S > 2[c& + [HSIO)* (4.2)
3C$ + 3(C4") + AH3 + 32H> C;A.3C$.Hs, (4.3)
Co(A,F) +4(C&" + 3(SQ)* + 32H> C3(AF).3C$.H (4.4)

where silicate ionsould be used to precipitate either a Si contaieitigngite or C-S-H.

The major interactions of this step can be schamatbn Figure 4-42:

C2S

Figure 4-42: Interaction involved in step2 bis obgeed during the hdyration of k165-
400B-20A

Interaction 2: with anhydrite available, sulphate in the solutstays still high (Figure 4-9),

which drives the hydration of ferrite very slowhérefore, the contribution of ettringite from
ferrite (equation 4.4) shouldn’t be significant.
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Interaction 5: the calcium ions liberated from ferrite may accaierthe hydration of 5
form C-S-H, however, the effect is small sincelilydration of ferrite is slow.

Interaction 6: anhydrite dissolution keeps the concentration dbtsate high (Figure 4-9),
which still inhibits the hydration of £5 to form strétlingite or other “CASH” hydrates but
C.S reacts perhaps to precipitate C-S-H or a Si auntpettringite.

This step ends when anhydrite is totally consumed.
Step 3 bis

In suspension, after total consumption of anhydtite rate of belite consumption is still slow
(Figure 4-11) but its hydration can be confirmed the obvious increase of silicon
concentration (Figure 4-10). However, CHESS catoutashows that C-S-H (Table 4-16) is
still not saturated, which is mainly due to the loalcium concentration (Figure 4-9).

During this time, ettringite, the only identifiegdrate phases, increases very slowly (Figure
4-12). This is probably due to the borate-ettriadgibrmation, which can be seen by the
decrease of boron concentration (Figure 4-10) arslaw ferrite hydration as equation (4.4),

which can be proved by the decrease of sulphateetration to 9 mM at 64 hours.

In paste, belite hydrates more quickly (Figure 4-amd the small amount of amorphous
phases identified after 3 months (Table 4-8) malsesonsider that C-S-H is forming. At the
same time, ferrite hydration is much more modekilenthe amount of ettringite still shows a
little increase. Thus in this case ferrite phasdratyon is less linked with belite hydration
than with the cements having less anhydrite.

The main interaction of step 3 bis can be presemteligure 4-43:
C2(AF)

C2S
Figure 4-43: Main interaction involved in step 3 bs during k165-400B-20A hydration

Interaction 5: when anhydrite is totally consumed, the sulphatecentration is still high.
Therefore, the hydration of ferrite is still verpw. Meanwhile, the formation of strétlingite
by belite is still inhibited. Therefore in this adition, the hydration of belite leads to the
formation of C-S-H. The calcium iron liberated frdetrite can accelerate this reaction; even
its effect is very small due to the slow hydratadrferrite.

The following equations are proposed:

Hydration of belite:
C,S+ xH-> C-S-Hx + [Cd' (4.5)

When sulphate in the solution is almost consumed:
C,S + G(A,F) + 5H > Cy(A,F)SH, + [C&"] and [OH] in solution (3.6)
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However, stréatlingite is identified neither in seggion nor in paste samples. Therefore, step
3 bis observed during the hydration of k165-400B-2fhust be not finished in our
experiments even after 8 months of hydration irigpas

W/C=5 W/C=0.5 Present phases

32-64H* | 2D-8M** C-S-H, ettringite, belite, ferrite
*suspension experiments ended at 64 hours, andl smtnple at 64 hours was lost
**paste experiments ended at 8 months, and solitbkaat 28 days was lost

Expected Step 4 bis:

When sulphate concentration becomes low enoughtefdrydration should start again to
hydrate more rapidlyAs the agueous phase contains a moderate coneamtcdtcalcium
ions and the pH is also moderate, but alsg Ak been consumed, strétlingite is not expected
to form. Instead hydrogarnet may be formed alonty @-S-H by implying again a synergy
between, belite and ferrite as discussed in st@k465-400B-5A:

C,S + G(A,F) + 5H > C5(A,F)SH, + [C&"] and [OH] in solution (3.8)

However, this phenomenon is not observed neithesuspension and neither in paste. It is
probably that the experiences were stopped tog.earl

4.3 Intermediate conclusions and points that will b e assessed in the
next chapter

The hydration of clinker k165 with different quaigs of anhydrite was studied. It was found
that according to the quantity of anhydrite, twaltation mechanisms will happen.

According to equation (3.2), if the quantity of gdhte is less than that required to consume
all ye'elimite to form ettringite, the same hydaati steps as k165-400B-5A will happen
successively (Figure 4-44). The quantity of sulphaill influence on:

1- step 1: a longer step 1 due to greater anhydriteeots will delay the other steps.

2- steps 3 and 4 that are expected to be longer wathtey anhydrite amounts.
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Figure 4-44: Influence of quantity of added anhydrie on the hydration of clinker k165
in suspension (up) and in paste (bottom)

If the quantity of anhydrite is more than that regd to form ettringite from ¢As$, the
hydration mechanism will change markedly (Figuré54for suspension and Figure 4-46 for
paste).

In this case, belite hydration is no longer delalgatistarts till the beginning in order to form
either C-S-H or a Si substituted ettringite. Nelelgéss, when belite is reacting in this more
common pathway, its hydration is slower than whereacts by precipitating first BSHg
and then especially hydrogarnet due to the synetgy the ferrite phase to form this latter
hydrate.

60



| Stepl | Step2 | Step 3

Anhydrous phases

No m!;re

No md?re Expe‘lments
ye'elimite ehded

'« |
e ——————— S
i

Hydrated phases

@ e mm w w =

I I
I I
I I
I I
\ \

Figure 4-45: Steps observed during the hydration dt165-400B-20A in suspension

during two days
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Figure 4-46: Steps observed during the hydration dt165-400B-20A in paste during the
first eight months

With the given results, we can answer more pregcitded five key questions raised in the
introduction of the thesis:
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Question 1: confirm the that major initial reactimn Cj,A3$ + 2C$ + 38H= CsAP3H3, +
2AH;
=» It is confirmed both for the hydration in suspemsénd paste of cements made with
clinker k165 and different anhydrite additions. §tep also occurs, even with 0%
anhydrite, as k165 contains some alkali sulphate.

Question 2: assess how the form and quantity oiritial soluble sulfates influence the later
hydration
= For anhydrite amounts less than the stoechiometrfiprim ettringite from GA3$,
different quantities of anhydrite do not change riiiechanism of hydration : it only
makes steps 1 longer and thus it delays the ottegrs sand especially step 3
corresponding to the beginning of belite hydrati{step 3). Higher amounts of
anhydrite also seem to slow down the rate of hyalnah steps 3 and 4 and perhaps
step 5.
= For anhydrite amounts higher than the stoechiontetfprm ettringite from GA3$,
the mechanism of hydration is changed: belite eetilttthe beginning to form either
a Si containing ettringite and / or C-S-H. Belitsacts till the beginning even if
slowly.

Question 3: determine the parameters that cordgraté phase hydration,
=>» Anhydrite control ferrite hydration by blockingat very beginning. Ferrite hydration
will only start when sulphate concentration becon&y low then ferrite is strongly
coupled with belite hydration especially for thenents containing less anhydrite
than the quantity required to form ettringite wath C,A3$

Question 4: determine the factors that controltbdiiydration and induce a retardation of its
start
= The factors are different depending on the amofiahbydrite :
o0 For anhydrite amounts less than the stoechiometrfotm ettringite from
C.,As$, It is GASHg nucleation rate that governs the beginning of the
hydration of belite. The main parameter that goseme nucleation rate of
C,ASHs is [SQJ? that has to be low. C-S-H does not form as thgalini
hydrate for belite hydration because it is not idd in the beginning due to
low calcium and silicon concentration and its fotima s further delayed later
by the inhibition effect of high aluminate concextion on C-S-H nucleation.
As a consequence, this is indirectly the sulphateentration that controls the
beginning of belite hydration and thus the readitending to its reduction,
mainly the hydration of £\3$. Globally it is once ¢A3$ has been completely
reacted that \SHg may nucleate.
o For anhydrite amounts higher than the stoechiometriprm ettringite from
C4A33, it is more likely to be the nucleation rate 65cH, but may be also the
precipitation rate of a Si containing ettringitatiwould govern the reaction
rate of belite.

Question 5: check if limestone has an accelerdfecteon belite hydration such in OPC
= Unknown yet: it will be answered in next chapter.
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Figures and tables of experimental

results of k165-400B-0A, k165-400B-
10A and k165-400B-20A in paste and |

suspension

L
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Figure 4-1: Electrical conductivity and major chemial elements of the liquid phase
recovered during cement k165-400B-0A hydration inwspension (w/c = 5) during two

days
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Figure 4-2: Electrical conductivity and minor chemial elements of the liquid phase
recovered during cement k165-400B-0A hydration inwspension (w/c = 5) during two
days
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Figure 4-3: Electrical conductivity and normalisedRietveld estimates of anhydrous
phases of cement k165-400B-0A hydrated in suspensifw/c=5) during two days, in %

by mass of original anhydrous cement
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Figure 4-4: Electrical conductivity and normalisedRietveld estimates of major hydrate
phases of cement k165-400B-0A hydrated in suspensifw/c=5) during two days, in %

by mass of original anhydrous cement
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Figure 4-5: Electrical conductivity and major chemial elements of the liquid phase
recovered during cement k165-400B-10A hydration isuspension (w/c = 5) during two

days
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Figure 4-6: Electrical conductivity and minor chemial elements of the liquid phase
recovered during cement k165-400B-10A hydration isuspension (w/c = 5) during two
days
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Figure 4-7: Electrical conductivity and normalisedRietveld estimates of anhydrous

phases of cement k165-400B-10A hydrated in suspemsi(w/c=5) during two days, in %
by mass of original anhydrous cement

—k—ettringite
—4—stritlingite
—=—rd rogamet

£
:
W ' ' ' ' '
g 50 §------ipeooeeieeseosieseoosieoosomieoooooio--of —Condu
'g 1 1
=
B Al oo T -8 £
= ]
E -
B30 - T T T T -6 E
s
g 2'] T L A L 4
2
= -”] R TS S S S S U (RO PP | 2
0 0

8 32 36 40 44 48

] | 8 12 16 2

0 24 2
time (h)
Figure 4-8: Electrical conductivity and normalisedRietveld estimates of major hydrate
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Figure 4-9: Electrical conductivity and major chemial elements of the liquid phase
recovered during cement k165-400B-20A hydration isuspension (w/c = 5) during three

days

? | | | | | | | 5

| | | | | | |
wi-——~——+————-+————]—— 4

| | | | | |
12 +— — |—— —_——— " — |—+B -3
2h I S e O ot -
£ | | | | | || B
R e i 0304 L

time (h)

Figure 4-10: Electrical conductivity and minor chemcal elements of the liquid phase
recovered during cement k165-400B-20A hydration isuspension (w/c = 5) during three
days
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Figure 4-12: Electrical conductivity and normalisedRietveld estimates of major hydrate
phases of cement k165-400B-20A hydrated in suspemsi(w/c=5) during two days, in %
by mass of original anhydrous cement
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Figure 4-13: Normalised Rietveld estimates of anhydus phases of cement k165-400B-
OA hydrated in paste (w/c=0.5) during 1 year, in by mass of original anhydrous
cement
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Figure 4-14: Normalised Rietveld estimates of majohydrate phases of cement k165-
400B-0A hydrated in paste (w/c=0.5) during 1 yeain % by mass of original anhydrous
cement
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Figure 4-15: Normalised Rietveld estimates of anhydus phases of cement k165-400B-
10A hydrated in paste (w/c=0.5) during eight monthsin % by mass of original
anhydrous cement
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Figure 4-16: Normalised Rietveld estimates of majohydrate phases of cement k165-
400B-10A hydrated in paste (w/c=0.5) during eight onths, in % by mass of original
anhydrous cement
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Figure 4-17: Normalised Rietveld estimates of anhydus phases of cement k165-400B-
20A hydrated in paste (w/c=0.5) during eight monthsin % by mass of original
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Figure 4-18: Normalised Rietveld estimates of majohydrate phases of cement k165-
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Figure 4-19: Comparison of ye’elimite evolution duing the hydration of cement k165-

400B-0A, k165-400B-5A, k165-400B-10A, k165-400B-20/suspension (w/c=5), in %
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Figure 4-20: Comparison of ye’elimite evolution duing the hydration of cement k165-
400B-0A, k165-400B-5A, k165-400B-10A, k165-400B-20Apaste (w/c=0.5), in % by
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Figure 4-21: Comparison of anhydrite evolution durhg the hydration of cement k165-
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400B-0A, k165-400B-5A, k165-400B-10A, k165-400B-20Asuspension (w/c=5), in %

by mass of original anhydrous cement

5% | | |
g B K165400B0A
g %7 KI65400B5A | == A ' N
[+ —h— ’
8 70 - g r 1
o —& K165-400B-10A | | |
- | - - - - ]
£ 01—« k654008208 T T T .
S = — — - Aoy O —
.E J_ -’Tﬁ:‘rl‘;- = .
5 —— — —— —k r— — = — —
3 ; - |
[T _.-‘r"i' _ - P —
° 3 T T T
. — - —— — ———
£
= _ s 1 | &=
ae T

10 100 1000 10000

time (h)

Figure 4-24: Comparison of ettringite evolution duing the hydration of cement k165-
400B-0A, k165-400B-5A, k165-400B-10A, k165-400B-20Apaste (w/c=0.5), in % by
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Figure 4-26: Comparison of amorphous phases’ evolian during the hydration of
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Figure 4-27: Comparison of belite evolution duringhe hydration of cement k165-400B-

0A, k165-400B-5A, k165-400B-10A, k165-400B-20A inspension (w/c=5), in % by mass
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Figure 4-28: Comparison of belite evolution duringhe hydration of cement k165-400B-
0A, k165-400B-5A, k165-400B-10A, k165-400B-20A irapte (w/c=0.5), in % by mass of
original anhydrous cement
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Figure 4-29: Comparison of ferrite evolution duringthe hydration of cement k165-400B-
0A, k165-400B-5A, k165-400B-10A, k165-400B-20A inspension (w/c=5), in % by mass
of original anhydrous cement
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Figure 4-30: Comparison of ferrite evolution duringthe hydration of cement k165-400B-
0A, k165-400B-5A, k165-400B-10A, k165-400B-20A irapte (w/c=0.5), in % by mass of
original anhydrous cement
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Figure 4-31: Comparison of sulphate element (Sf§pof the liquid phases recovered
during the hydration of cement k165-400B-0A, k165-@0B-5A, k165-400B-10A, k165-
400B-20A in suspension (w/c=5) during two days
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Figure 4-32: Comparison of aluminium element (AIO3) of the liquid phases recovered
during the hydration of cement k165-400B-0A, k165-@0B-5A, k165-400B-10A, k165-
400B-20A in suspension (w/c=5) during two days
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Figure 4-33: Comparison of boron element (B) of the liquid phaserecovered during the
hydration of cement k165-400B-0A, k165-400B-5A, kB3400B-10A, k165-400B-20A in
suspension (w/c=5) during two days
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Figure 4-34: Comparison of strétlingite evolution during the hydation of cement k165-
400B-0A, k165-400B-5A, k165-400B-10A, k165-400B-20Asuspension (w/c=5) during
two days, in % by mass of original anhydrous cement
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Figure 4-35: Comparison of strétlingite evolution during the hydation of cement k165-
400B-0A, k165-400B-5A, k165-400B-10A, k165-400B-20i\paste (w/c=0.5) during one
year, in % by mass of original anhydrous cement
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Figure 4-36: Comparison of calcium element (CaO) of the liquid pases recovered
during the hydration of cement k165-400B-0A, k165-@0B-5A, k165-400B-10A, k165-
400B-20A in suspension (w/c=5)
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Figure 4-37: Change in electrical conductivity durmmg the hydration of cement k165-
400B-0A, k165-400B-5A, k165-400B-10A, k165-400B-20Asuspension (w/c=5) during

two days
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Figure 4-38: Comparison of hydrogarnet evolution during the hydation of cement
k165-400B-0A, k165-400B-5A, k165-400B-10A, k165-4Q20A in suspension (w/c=5)
during two days, in % by mass of original anhydrouscement
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Figure 4-39: Comparison of hydrogarnet evolution during the hydiation of cement

k165-400B-0A, k165-400B-5A, k165-400B-10A, k165-4820A in paste (w/c=0.5)
during one year, in % by mass of original anhydrousement
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Figure 4-40: Comparison of calcium monosulfoaluminate hydrate emution during the
hydration of cement k165-400B-0A, k165-400B-5A, kB6400B-10A, k165-400B-20A in
paste (w/c=0.5) during one year, in % by mass of minal anhydrous cement
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Time | Monosulphate | Hydrogarnet| Gibbsite | Hemicarbonate | Monocarbonate | Amorph [%]
0 0 0 0 0 0 0
5m 0 0 0 0 0 0
10m 0 0 0 0.7 0 0
15m 0 0 0 0.8 0 0
20m 0 0 0 0.5 0 0
30m 0 0 0 0.6 0 0
1h 0 0 0 0 0 0
2h 0 0 0 0 0 0
4h 0 0 0 0 0 0.2
6h 0 0 0 0 0 0
8h 0 0 0 0 0 9.4
9h 0 0 0 0 0 9.3
10h 0 0 0 0 3.0 10.8
18.5h 0 0 0 0 2.8 21.1
22h 0 0 0 0 4.0 14.9
23.1h 0 0 0 0 5.0 12.6
24h 0 0 0 0 2.8 11.9
26h 0 0 0 0 2.1 9.9
27.3h 1.5 0 0 0 0 5.2
48h 0 1.4 0 0 0 0

Table 4-3: Normalised Rietveld estimates of major hydrate phass of cement k165-400B-0A
hydrated in suspension (w/c=5) during two days, ifo by mass of original anhydrous cement

Time Stréatlingite | Monosulphate | Hydrogarnet | Gibbsite | Hemicarbo | Amorph
0 0 0 0 0 0 0
5m 0 0 0 0 0 0
10m 0 0 0 0 0 0
15m 0 0 0 0 0 0
20m 0 0 0 0 0 0
30m 0 0 0 0 0 0
1h 0 0 0 0 0 0
2h 0 0 0 0.1 0 0
2h15 0 0 0 0 0.3 0
2h5 0 0 0 0.2 0.7 0
4h15 0 0 0 0.7 2.1 0
5h 0 0 0 1.0 1.7 0
5.8h 0 0 0 13 2.8 0
10h 1.6 0 0 1.0 0.7 0
11h15 3.5 0 0 0.6 3.0 0
14h 4.2 0 0 0.7 1.0 0
16h 9.3 0 0 1.0 0.8 0
18h 13.7 0 0 0 1.2 0
22h8 32.1 0.5 0.1 0 0 0
38h30 28.3 0.8 8.5 0 0 0
47h 28.7 0.8 8.7 0 0 0

Table 4-4: Normalised Rietveld estimates of major hydrate phass of cement k165-400B-
10A hydrated in suspension (w/c=5) during two daysn % by mass of original
anhydrous cement
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Table 4-5: Normalised Rietveld estimates of major hydrate phass of cement k165-400B-
20A hydrated in suspension (w/c=5) during two daysn % by mass of original

anhydrous cement
time | Monosulphate | Hydrogarnet| Gibbsite |Hemicarbonate | tobermorite | Amorph [%]
0 0 0 0 0 0 0
1lh 0 0 0 0 0 6.8
2h 0 0 0 0 0 4.6
3h 0 0 0 0 0 10.7
6h 1.3 0 0 1.5 0 17.7
1d 1.4 0 0 3.2 0 23.0
2d 3.3 0 0 0 0 21.3
3d 3.0 2.3 0 0 0 15.5
7d 3.6 9.4 0 0 0 13.9
14d 3.6 9.9 0 0 0 14.3
28d 4.3 12.3 0 0 0 18.4
3m 12.5 12.6 0 0 4.5 32.1
8m 14.7 18.7 0 0 6.4 33.5

Table 4-6: Normalised Rietveld estimates of major hydrate phass of cement k165-400B-
OA hydrated in paste (w/c=0.5) during eight monthsin % by mass of original anhydrous
cement
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time | Stratlingite | Monosulphate | Hydrogarnet | Gibbsite | Hemicarbonate | tobermorite | Amorph
0 0 0 0 0 0 0 0
1h 0 0 0 0 0 0 6.8
2h 0 0 0 0 0 0 8.4
3h 0 0 0 0 0 0 8.6
6h 0 0 0 0 0 0 7.9
1d 0 0 0 0 0 0 8.0
2d 0 0 0 0 0 0 4.1
3d 0 0 0 0 0 0 4.2
7d 0 0 0 0 0 0 4.2
14d 3.8 1.9 0 0 0 0 3.1
28d 4.6 1.6 0 0 0 0 4.0
3m 31.1 2.0 3.2 0 0 15 0.00
8m 23.0 4.6 6.6 0 presence 3.9 5.4

Table 4-7: Normalised Féietveld estimates of major hydrate phass of cement k165-400B-
OA hydrated in paste (w/c=0.5) during eight monthsin % by mass of original anhydrous

cement
time | Stratlingite | Monosulphate | Hydrogarnet | Gibbsite | Hemicarbonate | Tobermorite | Amorph [%]
0 0 0 0 0 0 0 0
1h 0 0 0 0 0 0 1.8
2h 0 0 0 0 0 0 7.2
3h 0 0 0 0 0 0 4.6
6h 0 0 0 0 0 0 2.5
1d 0 0 0 0 0 0 0
2d 0 0 0 0 0 0 0
3d 0 0 0 0 0 0 0
7d 0 0 0 0 0 0 0
14d 0 0 0 0 0 0 0
3m 0 0 0 0 0 0 3.8
8m 0 0 0 0 0 0 2.2

Table 4-8: Normalised Rietveld estimates of major hydrate phass of cement k165-400B-
20A hydrated in paste (w/c=0.5) during eight monthsin % by mass of original
anhydrous cement
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Time [CSHO08 | CSH09 [ CSH10| CSH11 |CSH12| CSH13 | CSH14 | CSH15|CSH16 | CSH17 | CSH18
5m -1.55 -1.6 -1.73 -1.79 -1.85 -1.99 -2.20 | -2.49 | -2.80 <-3 <-3
10m | -2.02 -2.15 -2.36 -2.51 -2.65 -2.89 <3 <-3 <3 <-3 <-3
15m -2.59 -2.80 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3
20m | -1.60 -1.61 -1.80 -1.87 -1.93 -2.08 -2.30 | -2.60 | -2.91 <-3 <-3
30m <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3
1lh -1.63 -1.67 -1.80 -1.86 -1.91 -2.60 -2.27 | -2.56 | -2.87 <-3 <-3
2h -1.62 -1.73 -1.92 -2.05 -2.17 -2.38 -2.64 <-3 <-3 <-3 <-3
2h18 | -1.68 -1.75 -1.90 -1.99 -2.07 -2.24 247 | -2.79 <3 <-3 <-3
2h30 | -2.10 -2.35 -2.67 -2.94 <-3 <-3 <3 <-3 <3 <-3 <-3
3h <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3
3h30 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3
4h <-3 <-3 <3 <3 <-3 <-3 <-3 <-3 <3 <-3 <-3
6h <-3 <-3 <3 <3 <-3 <-3 <-3 <-3 <3 <-3 <-3
8h <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3
10h30 | <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3
13h30 | <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3 <-3
18h <-3 <-3 <3 <3 <-3 <-3 <3 <-3 <3 <-3 <-3
21h -2.45 -2.52 -2.66 -2.75 -2.83 -3 <3 <-3 <3 <-3 <-3
38h30 | -1.84 -1.99 -2.21 -3.38 -2.54 -2.79 <-3 <3 <3 <3 <-3
44h -0.89 -0.92 -1.04 -1.09 -1.14 -1.47 -1.75 | -1.75 | -2.05 | -2.21 | -3.67
47h50 | -0.87 -0.88 -0.97 -1 -1.02 -1.13 -1.30 | -1.56 | -1.83 | -2.14 | -2.40
63h -0.86 -0.86 -0.93 -0.95 -0.96 -1.05 -1.21 | -1.46 | -1.71 | -2.01 | -2.27

Table 4-15: Saturation indexes with respect to C-& from the aqueous phase

composition recovered during K165-400B-20A hydratio in suspension (w/c = 5)

*notion of different C-S-H can be found in Annex.2-
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Chapter V

Hydration of K165-400B-5A In the
presence of 15%imestone
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5. Hydration of BCSAF cement with limestone addition

Here, we remind the potential interactions sumnearizn Figure 1-6, especially the
interaction of limestone with the constituents &@®AF cement.

Interaction 11 (ye’elimite/limestone):
Limestone may accelerate the hydration of ye’ebmid form ettringite. Also, calcium
monocarbo aluminate hydrate can be formed instéadlcium monosulfo aluminate hydrate.

Interaction 12 (ferrite/limestone):
Limestone may accelerate the hydration of ferniteHere we have to consider the presence or
not of sulphate ions that changes the interaction.

Interaction 13: (belite/limestone):
Limestone may accelerate the hydration ¢ @ its rate depends on C-S-H nucleation.

5.1 Results and interpretation

15% by mass of a fine limestone powder was addextmoent k165-400B-5A as mentioned
in Chapter 2. The resulting cement was given tlie ¢d 65-400B-5A-15L.

A first experiment was done in suspension by foltmmhe electrical conductivity (Figure 5-
1). Compared to the evolution of the electrical dustivity observed for k165-400B-5A, the
one of k165-400B-5A-15L had the same beginnindhenftrst 5 hours. But at longer time, its
value becomes smaller and the difference becomesmtayrand greater (at 2 days, around
9.5mS/cm for k165-400B-5A and only 7mS/cm for k¥8®B-5A-15L). Therefore we
supposed that the rate of hydration in the presaicealcite may be reduced and as a
consequence we decided to increase the duratitmaduspension experiment to 110 hours.
Moreover carbonation due to @@ not a problem anymore with these longer suspens
experiments as some carbonate ions are also sdyyliealcite dissolution.
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Figure 5-1: Electrical conductivity measured duringthe hydration of cements k165-
400B-5A and k165-400B-5A-15L during 70 hours

20

In order to facilitate the reading, the major tabémnd figures of the results of cement k165-
400B-5A-15L in suspension and in paste are shoviheaénd of this chapter. Tables 5-1 and
5-2 report the corresponding tables and figuresuspension and in paste respectively and
also the corresponding ones for cement k165-400BR&Awill be used as reference.

W/C=5 Liguid phases Solid phases
Major Minor anhydrous | major hydrate | minor hydrate
BA Figure 3-2 | Figure 3-3 | Figure 3-4 Figure 3-5 Table 3-3
5A-15L | Figure 5-2 | Figure 5-3 | Figure 5-4 Figure 5-5 Table 5-3

Table 5-1: Figures and tables for the results of # hydration of cements k165-400B-5A
and k165-400B-5A-15L in suspension

W/C=05 $ol|d phases .
Anhydrous major hydrate minor hydrate
5A Figure 3-6 Figure 3-7 Table 3-16
5A-15L Figure 5-6 Figure 5-7 Table 5-4

Table 5-2: Figures and tables for the results of # hydration of cements k165-400B-5A
and k165-400B-5A-15L in paste

5.1.1 Discussion of results

Step 1

The early hydration (before 4 hours for suspensind before 1 hour for paste) of cement
k165-400B-5A-15L is similar to that of cement k1480B-5A. The amount of anhydrite
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declines to zero in parallel with ye’elimite congution (from 28% to 15% in suspension, and
from 28% to 16% in paste, relative to original massement), while the consumption of
belite is very slow (Figures 5-4 & 5-6). On the @tthand, it seems especially for the
suspension experiment, that ferrite is reactinghglly more in the presence of limestone. This
point has to be made with caution as one can seeRlletveld estimates are not so precise
when considering the amount of limestone that Hiyghcreases both in paste and suspension
experiments. At the same time, the amount of efiten(Figures 5-5 & 5-7), the only
crystalline phase identified by XRD, increases {&stm 0 to 20% in suspension and from 0
to 16% in paste).

The concentrations of the major chemical elemeritthe aqueous phase in suspension
(Figure 5-2) show high sulphate, calcium and alaammconcentrations, 21mM, 12mM and
5mM respectively. This suggests a strong dissalutibanhydrite and ye’elimite once mixed
with water. After that, sulphate and calcium coricions decrease while aluminium
concentration increases.

This fits well the step 1 of k165-400B-5A so limast is not expected to have a strong effect
on this step (Table 5-5).

W/C=5 | Starting time | Ending time | Duration | W/C=0.5| Starting time | Ending time | Duration
5A OH 4H 4H 5A OH 1H 1H
5A-15L OH 4H 4H 5A-15L OH 1H 1H

Table 5-5: Starting and ending times and the durati

cements k165-400B-5A and k165-400B-5A-15L both susp

on of step 1 for the hydration of

ension and paste

The same equations can be proposed as for k165-88018 describe the reaction between
ye’'elimite and anhydrite:

C4A3$ + 2C$ + 38H> C3A.3C$.Hs, + 2AH; (amorphous) (3.2)
Also, the reaction of alkali sulphate with ye’eltmican be written as (3.3).
CiAs$ + 2[C&T] + 2[SO*] + 38H > GA.3C$.Hp, + 2AH: (3.3)

Belite or ferrite or both could be the calcium smyrbut the quantity is expected to be very
small as they practically not react during thispstelowever limestone may have a slight
effect on the ferrite hydration that seems to belhacked as efficiently by sulphate: thus an
interaction between ferrite and limestone has baeded (interaction 12) to the major

interactions already mentioned (paragraph 3.3 aptdr 3) (Figure 5-8).
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Figure 5-8: Major interactions between the involvedohases in step 1 during the
hydration of cement k165-400B-5A-15L

As discussed in step 1 of k165-400B-5A, ye’elinfit@lration is accelerated by the presence
of anhydrite (interaction 1). Belite is inhibited/ Ibhe concentrations of both sulphate and
aluminate (interactions 4 and 6).

Therefore, the effect of limestone on the earlyraidn of BCSAF is not significant. Step 1
ends when anhydrite is no more available in théesys

Step 2

When anhydrite is totally consumed in the suspensiperiment, the sulphate concentration
is high (15mM), then it decreases to zero quicKiigyre 5-2). At the same time, the amount
of ye’elimite decreases from 16% to 5% and etttangicreases from 20% to 40% (Figures 5-
4 & 5-5). The same phenomena can also be observeakte experiment (ye’elimite passes
from 15% to 7 %, Figure 5-6, and ettringite incessafom 16% to 26%, Figure 5-7).

This can be explained by the equations proposé&hapter 3:
CiAs$ + 2[CET] + 2[SO?] + 38H > GA.3C$.H, + 2AH; (3.3)

After that, the hydration of ye’elimite slows dowi€arbonated AFm is detected during this
time, but the quantity estimated by Rietveld analys very small (Table 5-3). In paste
experiment, calcium monosulfoaluminate cannot dealed at the hydration beginning, but
some AFm carbonated phases are detected lateRafteys (Table 5-4).

Besides, the quantity of ferrite in both suspensiom paste seems to decrease steadily,
without any obvious sign for a coupled reactionhwbelite contrarily to what was observed
without limestone (Figure 5-6). Therefore interact12 continues to be valid in this step.
Moreover if we consider the duration of this stegnf the paste experiment (Table 5-6), the
rate of reaction of ye’elimite is increased in fhresence of carbonate. So we also have to
consider an interaction between ye’elimite anditalinteraction 11 on figure 5-9).

92



W/C=5 | Starting time | Ending time | Duration | W/C=0.5| Starting time | Ending time | Duration
5A 4H 6.25H 2.25H 5A 1H 3D 3D
5A-15L 4H 9H 5H 5A-15L 1H 1D 1D

Table 5-6: Starting and ending times and the durati  on of step 2 for the hydration of
cements k165-400B-5A and k165-400B-5A-15L both susp ension and paste

CaAs$ <3 C2(AF)

N

C2S
11 12

ccC
Figure 5-9: Major interactions between the involvedphases in step 2 during the
hydration of cement k165-400B-5A-15L

Interaction 11 (ye’elimite / calcite):

In the presence of [C{F, small amounts of carbonated AFm phases may baefbrin
addition to the large amounts of ettringite andsAFable 5-4). This could slightly increase
the rate of ye’elimite hydration and also free saufphate ions useable to form ettringite.
Therefore the reactions in this step can be prapase

CiAs$ + 2[C&T] + 2[SO*] + 38H > GA.3C$.H, + 2AH:
C/As$ +[COZ]+17TH > GA.CC .Hy + 2AH + [SQ?]

(3.3)
(5.1)

Interaction 12 (ferrite / calcite):

Carbonate ions are also expected to react witlfetinge phase to form some carbonated AFm
that may help an earlier restart of ferrite hydnatior a less efficient blockage from the
initially and rapidly formed ettringite.

Step 3

The main influence of limestone concerns step Besponding to the start of belite hydration
in order to precipitate £ SHg especially. This is especially true in the pastpeeiment:
during which belite does not start to hydrate wieilimite is totally consumed (Figure 5-6)
but some days are needed to start to nuclegh&Ids. Indeed, stratlingite formation starts at
around 9 hours in suspension (Figure 5-5) anddaty® in paste (Figure 5-7). At this time, we
can observe the decrease of belite. However, tleeafaferrite consumption seems to stay
guasi constant until 5% is consumed. Then hydraifderrite seems to be more coupled with
belite one (Figures 5-4 & 5-6).

At longer times, stratlingite continues to increaséhile ettringite stays stable and no
hydrogarnet is observed in the paste even aftéit eignths (Figures 5-5 & 5-7). At the same
time, the electrical conductivity of k165-400B-5A411 is found much lower than that of
k165-400B-5A (Figure 5-1).
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All the information tends to demonstrate thaiSChydration is slower in the presence of
calcite even if GASHg is still the first hydrate that is formed: only%%has reacted after eight
months instead of 75% without limestone (after pear). Therefore, the effect interaction for
k165-400B-5A should be modified in consideration tbe effect of limestone on the
nucleation of GASHg that seems to delay it (Interaction 14 on Figuh

AHs <8 CxAF)

W /4

C2S

14T12

cC
Figure 5-10: Major interactions between the involvd phases in step 3 during the
hydration of cement k165-400B-5A-15L

Several hypotheses can be raised to explain tieetedf calcite on €ASHg nucleation. First,

as ettringite is stabilised in the presence ofitgl@and thus calcium monocsulfoaluminate
hydrate is not formed, we can expect as said bafomaintain for longer periods, higher
sulphate concentrations that inhib#ASHs nucleation. Second, the synergy betwees &nd
ferrite is less efficient ferrite phase tends tomfesome carbonated AFm: thus it requires more
calcium than providing some to the aqueous phaserder to enable the system to
progressively reach higher pH and as a consequeecitate hydrogarnet.

5.1.2 Complementary experiments done on pure phases

In order to assess further the effect of limestmméydration of both belite and ferrite phases,
some experiments have been carried out on mixtneske with pure phases:
- a belite doped with borax having a similar hydnatiinetics as belite recovered by
selective dissolution from K165 clinker (Annex 5-1)
- aferrite phase having the brownmillerite composit{CGAF) (Annex 5-2) and thus
richer in aluminium compared to the ferrite phaBK165 clinker.

Two mixtures have been studied in suspension (Wy@n8 compared to pure belite:
1. 77% belite + 23% ¢AF
2. 70% belite + 20% ¢AF + 10% limestone

The experimental methods were similar as mentione2l2, except that in consideration of
limited materials, the experience was done a clsetie containing 16ml of solution with a
magnetic stirring to ensure the uniformity. Temperawas thermostated at 20°C.

Quantification of the solid phases by Rietveld resties from XRD patterns has not been
performed since some phases identified are naided into the database yet.

In order to facilitate reading, the major tables &igures of the results are also shown at the
end of this chapter. Table 5-7 reports the cornedpg tables and figures.
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W/C=5 conductivity | Liquid phases | Solid phases

Belite+ferrite Figure 5-11 Figure 5-12 Figure 5-13

Belite+ferrite+limestone Figure 5-14 Figure 5-15

Table 5-7: Figures and tables for the results of hdration of mixtures of belite / ferrite
and belite / ferrite / limestone in suspension

The change of the electrical conductivity was fekal during 310 h (Fig 5-11). With
limestone, the conductivity stays lower than tHahe two others.

Hydration in suspension of a mixture containing 77% C,S + 23%C,AF

Figure 5-13 shows the solid phase evolution dutiveghydration of 77% £5 + 23% ferrite.
These relative amounts have been determined to kawiar relative quantities than in
clinker K165.

It is observed that belite hydration is slightlyaded by the presence ofAF.

The hydration of GAF that is not rapidly blocked by the presenceuwdplsate ions, provides
some aluminate ions to the aqueous phase and #tagsdslightly the hydration of S as
expected due to the effect of aluminate ions onig@+&icleation.

Nevertheless in this experiment,SChydrates following the usual pathway by giving CH
(portlandite) and certainly C-S-H. Portlandite ppéation is observed by the typical drop of
the electrical conductivity associated with a dasesof calcium concentration (Figures 5-11
& 5-12) and also by XRD after 310 h (Figure 5-13).

Thus this experiment misses some of the interastaond especially the interaction between
belite and AH in the presence of sulphate ions to be able toodege the mechanisms of
hydration in step 3 without limestone.

Hydration in suspension of a mixture containing 70% C,S, 20%ferrite and
10% limestone

As the previous experiment without limestone, gxperiment will lack of some of the major
interactions to be representative of step 3 duttieghydration of cement k165-400B-5A-15L.
Nevertheless the addition of limestone has alstrang influence on this simpler system.
Indeed in that case, belite hydration does nob¥olthe same pathway as portlandite is not
precipitated: this can be proven by the lower cafcconcentrations that are reached (Figure
5-14). The different reaction pathway could be tluan increased reactivity of,&8F with
limestone knowing that belite hydration is activkk the beginning of hydration. Thus
contrarily to the case when sulphate is presepaFChydration would not be blocked at the
beginning in the presence of calcite when no su#isapresent in the aqueous phase.

The higher reactivity of €\F can also be observed by several iron contaihydyates that
are precipitated: iron carbonate hydrate (suggdstaaula: CgAlFe,0,,CO3(0OH)), calcium
aluminium iron oxide carbonate hydroxide hydrateg(gested formula: BEOH);,COs) can
be found in 310 hours (Figure 5-15). Finally inttnegly, thaumasite may be the only Si
containing hydrate in this system.
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5.2 Conclusions of Chapter 5

The mechanism of hydration of cement k165-400B-5A-1with limestone can be
summarized on Figure 5-16 in suspension and Figriré in paste.

: Step 1 : Step 2 : Step 3 :
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anhydrite ye'elimite erided

Hydrated phases

Figure 5-16: Steps observed during the hydration 0165-400B-5A-15L in suspension
during 5 days
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Figure 5-17: Steps observed during the hydration dt165-400B-5A-15L in paste during

8 months

The impact of limestone on the hydration of cem€h65-400B-5A-15L was found to be
quite different from that observed on the hydratainOPC. Indeed instead of a beneficial
effect of limestone observed on OPC, a strong detgreffect is observed on step 3 during
which GS starts to hydrate into,&SHs.

The acceleration of ferrite hydration by limestosred as a consequence, carbonate AFm
phase formation, can delay the occurrence of ditidrates, such as stratlingite, hydrogarnet
and C-S-H. In order to make the limestone compatitith BCSAF cement, some retarders

for ferrite phase, should be tested.

With the results, we can answer the question reimgin last chapter:
= to check if imestone has an accelerator effedba@ite hydration such in OPC,

o limestone does not have an accelerator effect dy balite hydration. On the
contrary it delays the beginning of belite hydratas it retards £ASHg nucleation
certainly by maintaining too high [S8 in relation of the stabilisation of
ettringite by calcium monocarboaluminate hydratetred expense of calcium

monosulfoaluminate hydrate,

o Also by accelerating the ferrite hydration at thgddation beginning in
precipitating calcium monocarboaluminate hydrate,dso at latter ages when all
sulphate ions have been consumed, it reduces therggy between belite and
ferrite hydrations that enables the pH of the aggedo increase. As a
consequence, the later hydration of belite to fogmrogarnet and C-S-H (steps 4

and 5) is strongly delayed.
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It has to be noticed that the quantities of carbechaAFm detected by XRD are less than
expected from the previously described mechanistydfation. The exact reason remains
unclear but we may consider that the most probhipethesis relies on badly crystallized
phases.
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Figures and tables of experimental

results of k165-400B-5A-15L in paste

and in suspension
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Figure 5-2: Electrical conductivity and major chemcal elements of the liquid phase
recovered during k165-400B-5A-15L hydration in suspnsion (w/c = 5) during five days
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Figure 5-3: Electrical conductivity and minor chemical elements of the liquid phase
recovered during k165-400B-5A-15L hydration in suspnsion (w/c = 5) during five days
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Figure 5-4: Electrical conductivity and normalisedRietveld estimates of anhydrous
phases of cement k165-400B-5A-15L hydrated in suspon during five days, in % by
mass of original anhydrous cement
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Figure 5-5: Electrical conductivity and normalisedRietveld estimates of major hydrate
phases of k165-400B-5A-15L hydrated in suspensiomidng five days, in % by mass of
original anhydrous cement
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Figure 5-6: Normalised Rietveld estimates of anhydrus phases of k165-400B-5A-15L
hydrated in paste during 8 months, in % by mass obriginal anhydrous cement
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Figure 5-7: Normalised Rietveld estimates of majohydrate phases of cement k165-
400B-5A-15L hydrated in pasted during 8 months, i® by mass of original anhydrous
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Figure 5-12: Electrical conductivity and major chenical elements of the liquid phase
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Figure 5-14: Electrical conductivity and chemical &ments of the liquid phase recovered
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Minor hydrate phases

Time | Strétlingite [ Monosulphate | Hydrogarnet | Gibbsite | Hemicarbo | Monocarbon | Amorph
5m 0 0 0 0 0 0 0
15m 0 0 0 0 0 0 0
36m 0 0 0 0 0 0 0
1h 0 0 0 0 0 0 0
2h 0 0 0 0.1 0 0 0
3.5h 0 0 0 0.6 presence 0 0
5h 0 0 0 1.0 Presence Presence 0
7.5h 0 0 0 1.0 Presence Presence 0
8.75h 0 0 0 1.3 Presence 0.8 0
15.8h 22.5 0 0 0 presence Presence 0
20.5h 32.1 0 0 0 Presence Presence 0
28.5h 33.8 0 0 0 Presence Presence 0
39.5h 41.9 0 0 0 Presence Presence 0
44.85h 455 0 0 0 Presence Presence 0
52h 46.7 0 0 0 Presence Presence 0
112h 49.8 0 0 0 Presence Presence 0

Table 5-3: Normalised Rietveld estimates of minor ydrates during k165-400B-5A-15L
hydration in suspension for five days, in % by massf original anhydrous cement
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Minor phases
Time | Monosulphate | Hydrogarnet | Gibbsite Carbonate thaumasite Amorph
0 0 0 0 0 0 0
1h 0 0 0 0 0 4.4
2h 0 0 0 0 0 3.6
3h 0 0 0 0 0 5.4
6h 0 0 0 0 0 5.3
1d 0 0 0 0 0 8.1
2d 0 0 0 1.4 (phasel) 0 5.1
3d 0 0 0 2.0 (phasel) 1.2 10.9
7d 0 0 0 3.0 (phase?) 0 5.1
14d 0 0 0 2.9 (phase?) 0 7.8
28d 0 0 0 4.4 (phase2.3) 0 6.6
3m 0 0 0 4.7 (phasel.2.3) 0 0

Table 5-4: Normalised Rietveld estimates of minor ydrates during k165-400B-5A-15L

hydration in paste for 3 months, in % by mass of aginal anhydrous cement
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Chapter VI

Conclusions and perspectives for future
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6. Conclusions and perspectives for future studies

With the results of chapters 3, 4 and 5, we can apswer with a good level of confidence,
the five initial questions as follows:

1) to confirm that the main initial reaction iSC4A3$ +2C$ + 38H= CsA$3H3, + 2AHs,

whatever the content of C$

this is confirmed whatever the system studied evitim 0% C$ as K165 contains alkali
sulphate

2) to assess why and how does the quantity of thalirgbluble sulfate influence the later

hydration.

For C$ amounts less than the amount to react Witlyegelimite to form ettringite,
different quantities of C$ do not change the meigmarof hydration: it makes steps 1
and 2 longer and thus it delays the beginning £ Bydration (step 3). Moreover the
reaction rate in steps 3 and 4 (and may be 5pgesl

For C$ amounts higher than the amount to react alltlye’elimite to form ettringite,
the mechanism of hydration is changedS Ceacts till the beginning to form either a Si
containing ettringite or C-S-H and thus it reacdier but more slowly.

3) to determine the parameters that control ferrit@sphhydration,

C$ control ferrite hydration at the beginning bgiing it very rapidly at the beginning
then it restarts as [S{3” becomes very low.

Calcite reduces the blocking effect of C$ at thelrhtion beginning and may also
accelerate ferrite hydration at later ages wheratheeous phase is sulphate depleted.

4) to determine the factors that control belite hyidratnd induce a retardation of its start,

This is the hydrate that nucleates that will carniine kinetics and thus the “start” ob&
hydration. In our systems at room temperature lfat éxception of very high C$
contents i.e. k165-400B-20A), it iSASHg nucleation rate that governs the hydration of
C.S. C-S-H does not form as the initial hydrate felite hydration because it is not
saturated in the beginning due to low calcium ai@dos concentration and its
formation is further delayed later by the inhibitioeffect of high aluminate
concentration on C-S-H nucleation. The main paraméiat governs the nucleation rate
of C,ASHs is [SQ?] that has to be low (of course [Al] has to be nmagie but it is why
C-S-H is not forming). As a consequence, this diractly the sulphate concentration
that controls the beginning of belite hydration ahds the reactions leading to its
reduction, mainly the hydration of ye’elimite torfo ettringite. Globally it is once
ye'elimite has been completely reacted that strgitie may nucleate.

C,AF can have a small acceleratory effect but aftes tnitial step by taking into
account a synergy between the reaction of belitefarrite is found to accelerate the
formation of later hydrate, hydrogarnet and C-Stitha expense of stratlingite.

5) to check if limestone has an accelerator effedielite hydration such in OPC,
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- 15% of limestone added to a cement containing ad®wamount, does not change the
first period of hydration involving anhydrite an@'glimite, but strongly delayed the
beginning of the second period where both belitkfarrite hydrate. This may be due to
a delayed nucleation of stratlingite induced byrger period having higher [SP as
ettringite is stabilised by the precipitation offs@nated AFm at the expense of calcium
monosulfoaluminate hydrate, thanks to the carboioate brought by limestone.

- By accelerating the ferrite hydration and enabtagoonated AFm phases to be formed,
it reduces the synergy between hydrations of batig ferrite. Thus it is likely htat the
pH increase will be slower and thus that the bagmiof steps 4 and 5, will be further
delayed. As a consequence, the later hydratiorelitelto form hydrogarnet and C-S-H
is strongly delayed.

Perspectives

This thesis represents the first detailed studyhef hydration of a set of typical BCSAF
cements based on a single clinker. The resultw shat the hydration mechanism of this new
cement is very different than that of an OPC. Is tespect, it particularly interesting to note
that one of the principal initial hydrates of BCSAdements, amorphous aluminium
hydroxide, typically reaches a maximum concentraifter only one or two days and then
decreases again as its consumed to give other tegdgarincipally, stratlingite). Similarly,
stratlingite itself goes through a maximum andinglfy largely replaced by katoite. Thus, it
is important to study the hydration over very Igegiods of time to follow the full sequence
of phase formation, and then to understand how ithisurn affects microstructure and
properties.

In order to improve on the work in this thesis, anajmprovements in well known
quantitative phase-analysis techniques such as RRBreld and MAS-NMR are needed.
The refinement of these techniques is difficult ande-consuming but is essential for
progress.

An important finding of this work is that the hytlom path completely changes when the
amount of anhydrite added is greater than that ewbed react with all ye’elimite in the
clinker to give ettringite. We can therefore expewny other differences to occur with
BCSAF cements of significantly different compogitsoto those studies here. This will be an
important challenge to future researchers.

Durability issues are also bound to be very impurta assessing the usefulness of this new
class of cement. One effect that | believe is Wwatudying is the effect of short periods at
elevated temperature at early ages, as might bectegy for example, in massive structures.
Is there any risk of delayed ettringite formatiaf, the type known to occur with some
Portland cements? Here the effects of the initiabant of anhydrite, and of soluble alkalis,
are likely to be very important.

The ultimate objective of further research on BCS®&ment hydration should be to link the
hydration mechanism to the final macroscopic priogeria the microstructure.
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Annexes

Annex 2-1: X-ray fluorescence

Principle

X-ray fluorescence (XRF) is the emission of chaeastic “secondary” (or fluorescent) X-
rays from a material that has been excited by bodinbg with high-energy X-rays. The
phenomenon is used to determinate the elementbisaéSi, Al, Fe, Ca, Mg, K, Na, S, Ti,
Mn, P, Cr, Zr, Sr and other minor elements) in cetitieus materials and raw materials.

Experimental procedure :

The samples are dried at 105°C and grounded tetsize of particles is inferior to 100um.
About 3g of samples were heat at 950°C for 3 hdeigh the samples very quickly after
ignition to prevent resumption of,B@ or CQ, which would distort the result.

Then, the loss of ignition at 950 ° C could be essed by:

(% by mass) LOI = (MM>) x 100
{M1o)
M, = mass of crucible in grams before calcination
M, = mass of crucible after calcination
Mg = tare of crucible

After that, around 1.25g of residue is taken owbugded and mixed homogeneously by a
spatula with 11g of liquid mixture which is compdséy 66% of lithium tetraborate
(LioB4O;) and 34% of lithium metaborate (LiBPby mass. Then, the solution of lithium
bromide 466.7 g/L is added by a micropipette ineoitd avoid sticking in the crucible.

Then, the mixtures are put into the equipment ‘EBtuM4 CLAISSE’ (Figure 2A1-1), heated

around 1000°C and a pressed powder pellet was nidue.pellet was analysed by the

equipment ‘BRUKER FX SRS3400'.
T

F/igure 2A1-1: Equipment df fluxer M4 CLAISSE
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The results obtained are in percentage of oxidesnhgs. Taken into account the loss on
ignition, the final results could be calculatedtbg following formula:
Ex: % SiQ = % SiQ calcined x (100 -LOI)
100

Accuracy of results

In order to have more precise quantified resuits,total percentage is always calculated. The
value must be between 99.7% and 100.3% for cemahtbatween 99.5% and 100.5% for
other types of materials. Also, regularly, we corepthe content of SQwith that measured
by IR and the contents of,R and NaO with those obtained by ICP.

Also, the reproducibility of these analyses wadetson different samples by different
operators each month. Here, we use the simpleatdni@viation, s:

N —
S:%)z (whereX is the mean value)

Clinkers Si0O , | Al,O4 Fe,O4 CaO MgO K,O Na,O
Mean 21.09 5.26 1.91 64.72 25 0.69 0.14
Standard deviation(%) 0.14 0.06 0.02 0.25 0.04 0.03 0.05
Clinkers SO 3 TiO, Mn203 P,Os | Cr,03 ZrO, SrO
Mean 3.49 0.22 0.05 0.06 0.01 0.02 0.23
Standard deviation(%o) 0.02 <0.01 <0.01 0.01 <0.01 0.03 0.02
Table 2A1-1: reproducibility of FX on clinke
Gypsum SiO, | Al,O3 Fe,O4 CaO MgO K,O Na,O
Mean 3.35 0.55 0.26 31.11 3.27 0.09 0.03
Standard deviation(%) 0.05 0.01 0.01 0.11 0.02 0.02 0.01
Gypsum SO 3 P,0s5 Ba SrO TiO2 | Crppm | Mn ppm
Mean 35.77 | 0.04 | 0.0065 | 0.29 0.03 14 59
Standard deviation(%o) 0.24 0.01 3 0.01 0.01 2 3

Table 2A1-2: reproducibility of FX on gypsum

to estimate random measurement errors. Resulshawen in Table 3A1-1 and Table 3A1-2;

Here, gypsum was chosen for reproducibility testsdad of anhydrite, since analysis of
gypsum have more errors (LOI of gypsum is arourid20
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Annex 2-2: ICP analysis

Principle

The analysis is done by atomic emission spectrgméP-AES (ICP: Inductively Coupled
Plasma, AES: Atomic Emission Spectrometry). The mams introduced into a source
(plasma) whose role is to transform the sample attonic and ionic vapour and excite the
elements that constitute it. Electrons, increasetevels higher energy at the fundamental
level, iron spontaneously at lower energy levelebytting radiation that are specific. These
rays are captured by a detector and can make aaditand quantitative comparison with
standards. The results obtained are expressedderage of oxides by mass, except P and
B.

Experimental procedure

The liquid phases were acidified with HCI| and délditen times. Then, the samples are
analyzed by Varian 720-ES ICP equipped with a stooch axial piece, a nebulizer and
cyclonic chamber. The experimental temperaturé 22a 2 °C.

Accuracy of results

The reproducibility of these analyses was testeddifierent samples by three different
operators. Results are shown in Table 2A2-1:

Si Al Fe | Ca | Mg K Na S P
Average (mg/L) 1,98 | 1.98 | 2 | 160 | 1.99 | 1549 | 1585 | 80.5 | 4

Standard deviation(%) [.5 [2.3 [.1 1 1.1 1 0.8 14 [ .2

Table 2A2-1: reproducibility tests of ICP for Si, A, Fe, Ca, Mg, K, Na, S, P elements

Calibration is also done each time before we statexperience (Table 2A2-2). Standard
Plasmacal solution for each element is used.

Si Al Fe Ca Mg K Na S P
Theoretical valeur (mg/L) 2 2 2 160 2 160 | 160 80 4
Errors (%) 1.01 [1.01 |<0.10 [<0.19 [ 0.5 ] 3.29 [ 0.95 | 0.62 | <0.13

Table 2A2-2: calibration of ICP for Si, Al, Fe, Ca,Mg, K, Na, S, P elements
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Annex 2-3: Rietveld estimates applied to clinker k65

Principle

The XRD can define the mineralogical nature of pegsresent in the solid. The principle is
that a beam of X-ray penetrates the sample, arbeis diffracted by crystalline plans of
crystals contained in the sample. The angle ofatiffon and the intensity of diffraction are
characteristic of a crystalline structure. All lnef diffraction are used to identify the nature
of crystals.

Detector ./ /
slit
X-ray tube
. Receiving
Soller slit Soller

Divergence
' slit

Secondary
Menochromator

Sample §\_ _ shit
Figure 2A3-1: The principle of XRD

Quantified analyse with Rietveld method:

Rietveld method is currently the most effective qadure for analyzing powder diffraction
data, when the structure of constituent phaseshiensample is known. Depending on the
control file used, a theoretical diffractogram ialaulated. This is compared with the
experimental diffractogram is "refined” by variat®of many parameters such as intensity,
the positions of some diffraction peaks, the madglof the baseline, etc. The refinement
stops when the difference between the diffractogreeaches its optimum.

Generally, the intensity of the ith point of théfidictogram can be expressed by:

li=1background + S2ZS\Yn
where § isthe global histogram scale factog, iS the scale factor of the n crystalline phases,
and Y, presents the structure factor, the profile fumgidhe intensity correction factors, etc.

The weight percentages of phases present in thigotdie are calculated. The values are
relative (the total is equal to 100%). If we kndve tquantity of phase n, thep/She volume
of the crystalline phases = const. Given thgtX/V,,, where V, is the unit cell volume of
phase n, we can get that;/She number of unit celles = const. In fact, thisr@roportional
constant between the scale factors and the cadclveight fractions:

Ki=pi/ ZSnpn
Therefore, the weight fractions of the ith crystel phases can be calculated as:
Wi=(Spi)/ZSpn, Wherep is the density of the ith phase.
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To calculate the amorphous phases, we assumeanttie beginning of hydration, there are no
amorphous phases. The constant K calculated forfitsie diffractogram can be used to

reconvert the scale factor of the ith phase injttnéiffratogram to a weight fraction Wj. The

amorphous content is estimated as:

Wamorphous = 1 — Wj/Wi

Rutile TiO, is chosen both as internal and external standarce sits peaks do not
superimpose other crystalline phases. Here, integtamdard means calculating with the
diffratogram of the mixture of our sample and knoguantity (eg. 20% by mass of mixture)
of TiO,, while external standard means calculating with diffratogram which is combined
with the diffratogram of known quantity (eg. 20% Imass of mixture) of Ti@and that of
our sample. In order to avoid the problem intratudy grounding and to improve the
efficiency of experiments, we use mostly extertahdard. Internal standard is only used to
compare with the results of external standard.

Experimental procedure
The sample is grounded in a porcelain mortar timd all the powder passed through sieve <

100 microns. A pressed powder pellet (around 18tgnals) was made and analysed by the
equipment of Philips X'pert (Figure 2A3-2). The exdmental temperature is at 22 + 2 °C.

Figure 2A3-2: The equipment of XRD (Pﬁilips X'pert)

Accuracy of results

The reproducibility of these analyses was testedra sample for ten times. The results are
as following. Results are shown in Table 2A3-1:
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phases anhydres C 4As$ | belite | a'C2S | a'L C,S | aHC,S | C/AF | CioA; C,AS | merwinite
k165a (%) 33.0 3.2 45.0 3.9 0.0 13.8 0.0 0.7 0.4
k165b (%) 32.9 3.1 44.9 4.1 0.0 14.2 0.0 05 0.3
k165c (%) 334 2.9 44.0 4.0 0.0 13.9 0.0 0.9 0.8
k165d (%) 32.8 3.1 44.9 3.9 0.0 13.8 0.0 0.6 0.8
k165e (%) 32.8 3.2 45.1 3.9 0.0 14.2 0.0 0.6 0.3
k165f (%) 33.3 3.3 43.7 3.3 1.0 14.0 0.0 0.6 0.7
k1659 (%) 33.0 2.8 45.2 4.0 0.0 14.1 0.0 0.6 0.3
k165h (%) 33.0 3.3 44.4 4.3 0.0 135 0.0 0.8 0.8
k165i (%) 33.2 3.3 45.3 3.9 0.0 13.7 0.0 0.5 0.2
k165 (%) 33.0 2.8 44.7 3.9 0.0 14.2 0.0 1.0 0.5
Mean (%) 33.0 3.1 44.7 3.9 0.1 13.9 0.0 0.7 0.5
Standard deviation(%) 0.2 0.2 0.5 0.3 0.3 0.2 0.0 0.2 0.2

Table 2A3-1: reproducibility tests of Rietveld calalation for k165

Here, GAS and merwinite is estimated less than 1 %. Medewin the diffratogram, there is
no obvious corresponding peak (2 Theta gAE and merwinite, respectively, 32.72° and
35.22°), therefore, we estimate that the quanfitywo phases equals zero (Figure 2A3-3).
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Annex 2-4: FEG-SEM

Principle

The scanning electron microscope (SEM) is a typeleftron microscope that images the
sample surface by scanning it with a high-energgnbef electrons in a raster scan pattern.
The electrons interact with the atoms that makéhepsample producing signals that contain
information about the sample's surface topograpbgposition and other properties such as
electrical conductivity.

A field emission gun (FEG) is a type of electromgu which the emitter tip is held at several
kilovolts negative potential relative to a nearligcerode, so that there is sufficient potential
gradient at its surface to cause field emissioal@ftrons.

In field Scanning Electron Microscope (SEM), adieimission gun (FEG) is used to produce
an electron beam that is smaller in diameter, noofeerent and with up to three orders of
magnitude greater current density or brightness tb@n be achieved with conventional
thermionic emitters such as tungsten or lanthanaraloride (LaB6)-tipped filaments. The
result in both scanning and transmission electramascopy is significantly improved signal-
to-noise ratio and spatial resolution, and greatigreased emitter life and reliability
compared with thermionic devices.

Our experiences of SEM-FEG are mainly done in “Eatés Mines de Douai”. The sample
was stuck for the fracture observation and the $amvps polished with diamond slurry after
impregnation in an epoxy resin for the polishedtieac For both cases, a carbon film is
covered on the surface of samples to make themuctind to get better results.

The working conditions were noted in the bottonthe image: electron accelerating voltage
(kV), working distance (WD), the magnification atie scale.
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Annex 2-5: Selective dissolution to remove the alumate phases

The selective dissolution undergoes by the thriéeviing steps:

» remove aluminates by selective dissolution

» remove the remaining sucrose and decompose hydhatees (eg CSH) by heating at
1000°C

» eliminate the free lime formed by calcination ofihgtes.

These steps can be detailed as below:

Step 1:
The clinker is grounded around 400m?/kg Blaine.

A solution composed of 150ml demineralised wat@g EOH and 20g sucrose is heated to
95°C with stirring in a 500 ml beaker with a glaswer. After around 30 minutes, it becomes
brown-yellow. Then add 10g of clinker powder anégketirring for 1 hour (55 minutes may
be sufficient).

After that, filter the solution with Whatman systéWhatman filter with diameter 90mm with
Teflon support). During the filtration, keep thenigerature of the mixture high enough to
ensure that the sucrose doesn’t freeze.

Once the filtration is finished, continue to addnmium volume of water to eliminate the
sucrose. Then, rinse twice with 100ml of isopropid¢ohol to remove water. When the
samples become sec, get the residue and maslbieas the agglomerated particles with a
spatula.

Step 2:
Hydrate (mainly CSH) could be formed during thesdlation of aluminate phase by reaction

between theilicate phases and water. These hydrates deconmosiee lime by heating at
into 1000°C in a crucible in an oven for one hour.

After one hour, turn off oven, and wait about 10nutes until the temperature drops to
400°C. Then take out the crucibles from the oveth jglace on steel tanks located near the
oven.

Step 3:
Mash with a spatula to break up agglomerated gartie

Mix the residue with 100ml of ethylene glycol irb@0 ml beaker, cover with glass cover and
heat at 110°C for 30 minutes, then filter with Whah system. After that, rinse three times
with 100 ml of ethanol. Evaporate the solvent umglarnthe hood. Then get the powder
without taking off the pull of piece of filter pap@and mash with a spatula to break up
agglomerated parties.

Verification of results by XRD:
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Figure 2A5-2: XRD pattern for the residue after sedctive dissolution
In comparing the XRD pattern of clinker k165 and tksidue after selective dissolution, we

can see that f83$ (2 Theta = 23.6°) and ferrite (2 Theta = 12.28 eompletely gone and
there are no hydrates (ettringite, 2 Theta = 9.6@Med during the operation.
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Figure 2A5-3 and Figure 2A5-4 shows a backscattelectron image of a polished section of
the clinker and the residues after selective diggwi obtained using a FEG-SEM.

Figure 2A5-4; FEG-SEM BSE'_image of residue after MCtiv dissolution

We can see that only one phase remains after kbetise dissolution. Further discussion of
analytical results is done in 2.1.1.1.
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Annex 2-6: selective dissolution to remove C2S ary@’elimite

The selective dissolution undergoes by the thribevitng steps:
» selective dissolution to remove silicate phases

» selective dissolution to remove ye’elimite

» heat at 1000°C to decompose the hydrate Gatt® CaO

» eliminate the free lime by filtering with ethyleggycol.

Four steps can be described and detailed below:

Step 1:
Prepare the mixture with 10g of clinker powder, 8D methanol and 60g salicylic acid.

Then stir the mixture in a 500 ml beaker with asglaover for around 50 minutes.

After that, filter the mixture with Whatman systéWvhatman filter with diameter 90mm with
Teflon support). Analyse of XRD shows that silegihase is totally removed from the
clinker.

Step 2:
With the residue taken from step 1, prepare theurgxwith the solution of 5% N&Os;. The

ratio is 1g solution with 60ml solution. The mix¢us stirred for 15 minutes, and filtered with
Whatman system. Then, rinse three times with tHetisa of ethanol and water (volume
ratio=1:1).

Take the solid residue when it is sec.

Step 3:
The residue of sample is heated at 1000°C for 1.hblix the residue with 100ml of ethylene

glycol in a 500 ml beaker, cover with glass coved heat at 110°C for 30 minutes, then filter
with Whatman system. After that, rinse three timath 100 ml of ethanol. Evaporate the
solvent up under the hood. Then get the powderowttiaking off the pull of piece of filter
paper and mash with a spatula to break up agglaeteparties.

Verification of results by XRD
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Figure 2A6-1: XRD pattern for clinker k165
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Figure 2A6-2 shows the results of XRD analysishaf $elective dissolution residue after the
removal of GS and ye’elimite from the clinker. We can see Bgk3$ (2 Theta = 23.6°) and
C.S (2 Theta = 12.2°) are completely gone and thexea hydrates (e.g. ettringite, 2 Theta =
9.08°) formed during the operation.
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Annex 2-7: Granulometry LASER MS 2000

Principle

Granulomery laser is a technique which allows mesaguthe distribution of particle size
between 0.02 and 2000 microns in a mixture. Thacyple is based on the diffraction of
laser.

Experimental procedure

The materials are measured by means of laser gmraetly measurement with Malvern
MasterSizer 2000 according to LCR-MO-041 usingdbmplex diffractiveindex of cement:
1.68 + 0.1i. The measurement is carried out witkaign speed of 800 rpm and pump speed
2000 rpm. Dispersion with ultrasound is not neceska the relatively coarse samples.
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Annex 2-8: Grinding in the ball mill

Principle

Materials are grounded into a lab ball mill witkeltballs with the requirement of Blaine
specific surface area.

Experimental process

- Determine at first the density of the clinker, whiwill be used for measuring the Blaine
surface.

- Insert the quantity of clinker in the mill and rGA0 rounds.

- Open the door and clean around.

- Close the door, run 500 rounds again.

- Open the door and take out the samples to medsifeneness Blaine (take at 3 different
places at the bottom of the grinder and mix)

- Measure and note the Blaine fineness value.

- Adapt the number of rounds to run for the next $tkgpend on the measured value and
expected value in Blaine).

125



Annex 2-9: Blaine specific surface measurement

Principle

The SSB (Blaine specific surface) is an estimatbrithe surface area per unit mass of a
powder. It is used to characterize the finenessa qgdowder and is expressed in cm3/g.

SSB is determined indirectly by measuring the toha known volume of air passing through
a pellet of powder with an effective pressure. Thaatording to the following equation, we
can calculate the SSB:

= K Ve S (~0.9708x8+760.7)xt
MV 1-e
where:

K = constant of the equipment

e = is the volume porosity of the bed (dimenkass)
t = time of passage of air (s)

MV = density (g/cm3)

0 = temperature of ambient air

S = specific surface Blaine (cm?/g)

Experimental process

- Determine the density of sample
- Weigh the quantity of the sample (m) to obtaintbkime density of the bed (e = 0.500)
with the following formula: m = 0.5 x MV x V(q).
where:
MV = density of the sample in g/ém
V = Volume of cell

- Put the total amount of material into the cell watfunnel

- Put a second filter paper on the sample, and itisegplunger slowly until the plunger
comes into contact with the cell. While maintainprgssure, rotate the plunger 90°.

- Slowly remove the piston and measure the time.

Accuracy of results

- Check the oil level in the tube and fill if necagsa

- With standard samples of Portland cement 114P, unedsur times of passage of air (t)
and then use the average value to calculate the SSB

- If the error is = 58 cm?/g compared to the standalde is 3774g/cm?, the calibration is
considered good

- If not, value K (constant of the equipment) shdogdcalculated as following equation:

/0.
K =1.414xS xMV x \/_m
t

Where,n is the viscosity of air (refer to the instructioranual to know its value)
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Annex 2-10: pH measurement

Experience

In suspension experiments, pH values were measanethuously with pH meter PHM210
standard Meterlab. Each time before the experietiee,pH meter is calibrated with the
standard solution pH 4.00 and pH 10.00.

Precision

Measured values of pH during the hydration of cenk@65-400B-5A in suspension (E/C=5)

were compared with the calculated values by CHES&as found that with measured values
was high and almost in parallel with the calculateds, this probably due to the precipitation
of some hydrates which were found in the surfacgeafors.

14

@ pH calculated by CHESS

—— pHmeasured

time (h)

Figure 2A10-1: comparison of pH values measured durg the hydration of cement
k165-400B-5A is suspension (E/C=5) and values calated by CHESS with the given
concentration of ions in the solution
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Annex 2-11: Rietveld-XRD method (hydrate cement)

Principle (Same as Annex 2-3)
Quantified analyse with Rietveld method (Same Anne&-3)
Experimental procedure

Different methods are used to stop the hydratioroinsideration of efficiency and accuracy,
the solvents are used to dry the samples as falpaieps:

- Prepare in a Whatman system (Whatman filter wigmditer 90mm with Teflon support)
with filter (No. 542 retention 2.7 microns).

- First time quickly rinse with acetone (the volunfesolvent is 2-3 times than that of solid)
and mix with a spatula slowly (not to damage tkteri.

- Wait until the residue is as dry as possible (somex, a few cracks are starting to
appear).

- Second rinse with acetone, but very slowly (drominp).

- Once the dough is dry, a third rinse with ethespalery slowly.

- Wait until the sample is completely dry (cracks).

- Store the sample in a sealed plastic tube, thardesiccator with silica gel.

- X-ray diffraction analysis

In fact, different solvents (2*acetone/ether, 33psopanol, 3*methanol) are used, and the

results are compared.
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Figure 2A11-1 : comparaison of XRD patterns of sanlps at 1 month dried by different
solvents

In the diagram, we can observe that the peakstrrfigite according to the various stoppages
don’t have the same intensity. With the stoppagh acetone/ether, the peaks of ettringite are
intense while with isopropanol and ethanol, itskgelaave lost their intensity and are shifted
significantly.
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The decrease and shift of the peaks of ettringitece (9.76&) have already been observed in
the report of the Core project 4[73]. The reasqorabably the dehydration of ettringite.

Accuracy of results
Mass balance is used to estimate the precisioruahtied results of hydration phases in

section 3.1. It shows that the results can be oséd for semi-quantified. All the parameters
are kept the same for all the experience in omeptnpare between them.
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Annex 2-12: Thermodynamic database of CHESS (hydratcement)

Arcanite {composition = 1.0 SO4[2-] 2.0 K[+], logK 2.25101(0), 1.86369(25), 1.3628(50),
1.25589(75), 1.01307(100) }

Anhydrite {composition = 1Ca[2+], 1S42-], logK = 4.1043(0), 4.3064(25), 4.7587(60),
5.385331(100), 6.2741(150), 7.2829(200), 8.4644(289@598(300), vol.weight = 2963.47
kg/m}

Gypsum {composition = 1Ca[2+], 19[2-], 2H,0, logK = 4.5331(0), 4.4823(25),
4.6094(60), 4.9035(100), 5.4299(150), 6.1266(20M386(250), 8.3003(300), vol.weight =
2305.16 kg/r}

Calcite {composition = -1H[+], 1Ca[2+], IHC)], logK = -2.2257(0), -1.8487(25), -
1.333(60), -0.7743(100), -0.0999(150), 0.5838(20@262(250), 2.2154(300), vol.weight =
2709.89 kg/ri}

Ettringite {composition = 6Ca[2+], 2Al[3+], -12H[+B8H0O, 3SQJ2-], logK = -56.8566,
vol.weight = 1774 kg/r}

Gibbsite {composition = -3 H[+], 1 Al[3+], 3 }D, logK =-9.3787(0), -7.756(25), -
5.8286(60), -3.9979(100), -2.0853(150), -0.4377§20M575(250), 2.4754(300), vol.weight
= 2440.97 kg/n}

Monosulfoaluminate {composition = 4Ca[2+], 2Al[3+[L.2H[+], 18H0, 1SO4[2-], logK = -
72.5066, vol.weight = 2014 kgfin

C4AH 13 {composition = 4Ca[2+], 2Al[3+], -14H[+], 204D, logK = -104.3666, vol.weight =
2044 kg/mi}

C,AHg {composition = 2Ca[2+], 2Al[3+], -10H[+], 134D, logK = -60.2066, vol.weight =
1946 kg/ni}

CsAHg{composition = 3Ca[2+], 2Al[3+], -12H[+], 12}D, logK = -80.9266, vol.weight =
2521 kg/ni}

CAHjp {composition = 1Ca[2+], 2Al[3+], -8H[+], 14D, logK = -38.2666, vol.weight =
1742 kg/ni}

Gehlenite {composition = -10.0H[+], 1.0Si(Oq), 2.0AI[3+], 2.0Ca[2+], 3.0¥D, logK =
-64.62455(0) -56.57347(25) -49.76782(50) -43.9385)Y¢38.89228(100) }

Thaumasite {composition = 6Ca[2+], 2HE[&), -6H[+], 32H,0, 2Si(OH)(aq), 2SQ[2-], -4
H,0, logK = -18.61, vol.weight = 1890 kg7in

Stratlingite {composition = 2Ca[2+], 2Al[3+], -10H], 11H,0, 1 Si(OH)(aq), logK = -
49.2291, vol.weight = 1936 kgfin
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Si-Hydrogarnet {composition = 3Ca[2+], 2Al[3+], -HP+], 8.8H,0, 0.8Si(OH)(aq), logK =
-68.6586, vol.weight = 2779 kgfin

CSHO08 {composition = -1.6H[+], 0.8Ca[2+], 1Si(OKBq), -0.4HO, logK = -10.94,
vol.weight = 2230 kg/r#}

CSHO09 {composition = -1.8H[+], 0.9Ca[2+], 1Si(O¥Bq), -0.2HO, logK =-12.96,
vol.weight = 2230 kg/rf}

CSHéLO {composition = -2.0H[+], 1.0Ca[2+], 1Si(OkBq), logK = -15.06, vol.weight = 2230
kg/m’}

CSH11 {composition = -2.2H[+], 1.1Ca[2+], 1Si(O¥Bq), 0.2HO, logK =-17.10#-17,
vol.weight = 2230 kg/rf}

CSH12 {composition = -2.4H[+], 1.2Ca[2+], 1Si(O¥Bq), 0.4HO, logK =-19.13,
vol.weight = 2230 kg/r#}

CSH13 {composition = -2.6H[+], 1.3Ca[2+], 1Si(O¥Bq), 0.6HO, logK =-21.25,
vol.weight = 2230 kg/rf}

CSH14 {composition = -2.8H[+], 1.4Ca[2+], 1Si(O¥Bq), 0.8HO, logK =-23.43,
vol.weight = 2230 kg/ri}

CSH15 {composition = -3.0H[+], 1.5Ca[2+], 1Si(O¥Bq), 1.0HO, logK =-25.70,
vol.weight = 2230 kg/rf}

CSH16 {composition = -3.2H[+], 1.6Ca[2+], 1Si(OfBq), 1.2HO, logK = -27.98,
vol.weight = 2230 kg/m3}

CSH17 {composition = -3.4H[+], 1.7 Ca[2+], 1 Si(Q¥8q), 1.4HO, logK =-30.3,
vol.weight = 2230 kg/rf}

CSH18 {composition = -3.6H[+], 1.8 Ca[2+], 1 Si(Ok§q), 1.6HO, logK =-32.58,
vol.weight = 2230 kg/r#}

Fe(OH} { composition = -3H[+], 1Fe[3+], 3pD, logK = -6.9971(0), -5.6556(25), -
4.1038(60), -2.6878(100), -1.2773(150), -0.1146§20M13(250), 1.8839(300), vol.weight
= 3110.27 kg/n}

Portlgndite {composition = -2H[+], 1Ca[2+], 28, logK = -22.85, vol.weight = 2241.43
kg/m’}
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Annex 2-13: NMR

Experience

Solid state NMR for 27 Al and 29Si were done at.E.G.l. (Ecole Supérieure de Physique et
de Chimie Industrielles de la Ville de Paris).

The solid state 27Al nuclear magnetic resonancetspavere recorded on a Bruker DRX
spectrometer in 4mm zirconia rotors with the freguel4.1 kHz for about 5 hours.

The solid state 29Si nuclear magnetic resonancetrspwere recorded on a Bruker DRX
spectrometer in 4mm zirconia rotors with the fregye5 kHz for about 17 hours.

Precision
In fact, the frequency and the time during of exg®e could influence a lot the intensity of

signal. However, in both case, optimisation of xeteon time and the time during of
experience was not done due to the budget restiidiptresults are only qualified.
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Annex 2-14: DTA (Differential Thermal Analysis)

Principle

Temperature measurements were made by two thermplesoconnected in opposition which
plunge respectively into the heart of the sampkd r@ference. This arrangement gives a very
good sensitivity to thermal phenomena occurringhe sample. The material chosen for the
reference should be inert in the temperature rahgerk (in our case alumina).

(<,

Figure 2A14-1: schema of DTA equipment
Procedure
Weigh between 20 and 60 mg of powder sample. Depgrah the density of the sample, the
glass tube should be filled approximately to oniedthirhe powder in the tube is then tapped
to compact the sample.

In the case of spatial analysis of the same natwyelp have the same amount for all the
samples so that the results are more comparable.

133



Annex 5-1 Synthesis of a’-6S with Na,B,O-

Mixture is made by pure calcite and silicon oxidevder according to the stoichiometric mix
of 2 mol CaO and 1 mol S{ON&B4O; is used to stabilized,S into a’-form.

CaCO; SiO, Na,B,0;

a’-C,S 116.215 34.884 3.902
Table 5A1-1: mix composition in g for 100g of finaproduct

The sintering procedure is 1 hour 45 minutes hgatamp to 1450°C, then holding for 4

hours. Subsequently the sample is quenched intaithe

-

Lin (Cps)

4,65

d=4,90
d=
d=3,82

2

10 20

Lin (Cps)
T N N B I R T

33 40 50 6

2-Theta - Scale

CZS synthétisé avec bore - File: jiac2savecbore.raw - Type: 2Th/Th locked - Start: 5.000 °- End: 60.0 13 °- Step: 0.017 °- Step time: 59.7 s - Temp.: 2 5 T (Room) - Time Started: 0 s - 2-Theta: 5.000 ° - Theta: 2.500
Operations: Import
00-033-0302 (*) - Larnite, syn - Ca2SiO4 - Y: 228.90 % - d x by: 1. - WL: 1.54056 - Monoclinic - a 9.31000 - b 6.75650 - ¢ 5.50590 - alpha 90.000 - beta 94.460 - gamma 90.000 - Primitive - P21/n (14) - 4 - 345.289 - F
mOO'OOZ—OBGG (D) - Calcium Silicon Oxide - gamma-Ca2Si04/2Ca0-SiO2 - Y: 8.12 % - d x by: 1. - WL: 1.54056 -

Figure 5A1-1: XRD pattern of synthesized GS

XRD analyse shows that synthesize® in a’-form.
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Annex 5-2 Synthesis of CAF

Mixture is made by pure calcite, aluminium oxidel amon oxide according to the
stoichiometric mix of 4 mol CaO, 1 mol A); and 1 mol FgOs.

CaCO; Al,O4 Fe;03
C,AF 82.38 20.982 32.861
Table 5A2-1: mix composition in g for 100g of finaproduct
Brownmillerite, syn

200

Lin (Cps)

Lin (Cps)

e MM$ M o

0 T T T
33

2-Theta - Scale

bAJFile: cdaf.raw - Type: 2Th/Th locked - Start: 5.000 °- End: 60.013 °- Step: 0.017 °- Step time: 59. 7's - Temp.: 25 C (Room) - Time Started: 0 s - 2-T heta: 5.000 °- Theta: 2.500 °- Chi: 0.00 °- Phiz 0.00 °- X: 0.0 mm
Operations: Import
[1100-030-0226 () - Brownmillerite, syn - Ca2(Al,Fe+3)205 - Y: 121.84 % - d x by: 1. - WL: 1.54056 - Orthorhombic - a 5.56720 - b 14.52100 - ¢ 5.34900 - alpha 90.000 - beta 90.000 - gamma 90.000 - Primitive - Pemn

Figure 5A2-1: XRD pattern of synthesized GAF
The sintering protocol is 1 hour 30 minutes heatongeach 1300°C, then holding for 2 hours.

If the sample shows severe melting or sticks tostiréace of the crucible, sintering at 1250°C
for 3.5 hours should be tried. Subsequently thepdaims quenched in the air.
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