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Abstract

In this doctoral thesis influence of different temperatures (5 °C - 60 °C) on the hydration
of belite-ye’elimite-ferrite cement was studied. Fluctuations in temperature can cause
changes in the phase assemblage, kinetics of hydration and mechanical properties.
Besides temperature, other factors such as the cement clinker phase composition, calcium
sulfate amount and the type of secondary raw material used in the raw meal affect the
cement hydration, which was also studied in this work.

Cement clinkers with different phase compositions were synthesised from various
natural and secondary raw materials. The cement was prepared by adding gypsum to the
cement clinker based on the M-ratios selected. The kinetics of hydration was studied by
isothermal calorimetry. The microstructure and phase composition of the hydrated
cements at different hydration times were investigated by XRD, TGA, SEM/EDXS,
FE/SEM, NMR, and TEM. The development of compressive strength of the cements was
determined and porosity was assessed by MIP, while the rheological properties of cement
pastes were investigated by rotational and oscillatory measurements. A thermodynamic
model was established using GEMS and compared to the experimental data.

Elevated temperatures significantly accelerate early hydration. Ye’elimite and gypsum
react rapidly at higher temperatures, leading to increased early compressive strength.
The hydration of belite intensifies with temperature. Higher temperatures result in less
ettringite due to its increased solubility, but more monosulfate. Higher temperatures also
favor siliceous hydrogarnet over stritlingite and produce more C—S—H from belite,
enhancing the compressive strength. At 60 °C, C—A—S—H is detected, as higher
temperatures promote greater aluminum uptake from the solution. At 5°C, a dense,
uniform microstructure is observed, whereas at higher temperatures it's more varied and
intermixed. Although the chemical composition of ettringite and stritlingite remains
unaffected by temperature fluctuations, it's observed that iron becomes more prominent
at lower temperatures in siliceous hydrogarnet and C—S—H. At a low w/c, hydration of
belite is slower at late ages, as ye’elimite consumes more water. In this case, the cements
cured at 60 °C showed more residual gypsum, less ettringite and C—S—H at later ages,
and lower strength, indicating a lower degree of hydration. More gypsum in the cement
clinker accelerates hydration. A higher M-ratio increases ettringite and decreases
monosulfate and stritlingite content, leading to a higher compressive strength. More
belite produces a greater amount of siliceous hydrogarnet and C—S—H and less
stratlingite. Cement with red mud shows accelerated hydration, due to more mayenite
and alkali sulfates, compared to cement with natural raw materials and waste concrete.
The impact of secondary raw materials on the hydration processes of belite and ferrite is
noticeable at 5 °C but far less so at increased temperatures, while the impact on the
hydration of ye’elimite is even smaller compared to belite. A rise in temperature leads to
an enhanced storage modulus because of accelerated hydration, while its development is
shifted to earlier times, due to the fast structural build-up formation at higher
temperatures. The amount of ye’elimite increases viscosity, while the storage modulus is
lower which was possibly attributed to its weaker gel structure.
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Povzetek

V doktorski disertaciji smo proucevali vpliv razliénih temperatur (od 5 do 60 °C) na
hidratacijo belitno-ye’elimitno-feritnega cementa. Nihanja v temperaturi lahko povzrocijo
spremembe v fazni sestavi, kinetiki hidratacije in mehanskih lastnostih. Poleg
temperature na hidratacijo teh cementov vplivajo tudi drugi dejavniki, kot so sestava
cementnega klinkerja, kolicina kalcijevega sulfata in vrsta sekundarnih surovin,
uporabljenih v surovinski mesanici, kar je bilo prav tako prouc¢evano v disertaciji.

Cementni klinkerji z razlicnimi faznimi sestavami so bili sintetizirani iz razli¢nih
naravnih in sekundarnih surovin. Cement je bil pripravljen z dodajanjem sadre
cementnemu klinkerju na podlagi izbranih M-razmerij. Kinetiko hidratacije smo
proucevali z izotermno kalorimetrijo. Mikrostrukturo in sestavo faz hidratiziranih
cementov pri izbranih casih hidratacije smo preiskovali z XRD, TGA, SEM/EDXS,
FE/SEM, NMR in TEM. Razvoj tla¢nih trdnosti vzorcev je bil dolo¢en, poroznost pa je
bila ocenjena z MIP. Raziskane so bile reoloske lastnosti cementnih past z rotacijskimi in
oscilatornimi testi. Termodinamski model je bil vzpostavljen z uporabo programa GEMS
in primerjan z eksperimentalnimi podatki.

Visje temperature znatno pospesijo zgodnjo hidratacijo. Ye’elimit in sadra hitro
reagirata pri visjih temperaturah, kar vodi do visje zacetne tlacne trdnosti. Hidratacija
belita se povecuje s temperaturo. Pri visjih temperaturah nastane manj etringita zaradi
povecCane topnosti, vendar ve¢ monosulfata. Pri visjih temperaturah nastane vec
silicijevega hidrogranata kot stritlingita in ve¢ C—S—H iz belita, kar poveca tlacno
trdnost. Pri 60 °C je prisoten C—A—S—H, saj viSje temperature spodbujajo vecjo
vgradnjo aluminija iz raztopine. Pri 5 °C opazimo gosto, enotno mikrostrukturo, medtem
ko je pri visjih temperaturah bolj raznolika in prepletena. Kemijska sestava etringita in
stratlingita se ne spreminja pri razlicnih temperaturah, v silicijevem hidrogranatu in
C—S—H pa je ve¢ zZeleza prisotnega pri nizjih temperaturah. Pri nizkem v/c je pozna
hidratacija belita upocasnjena, saj ye’elimite porabi ve¢ vode. V tem primeru imajo
cementi, negovani pri 60 °C, ve¢ preostale sadre, manj etringita in C—S—H v poznejsih
fazah, in nizjo trdnost, kar kaze na nizjo stopnjo hidratacije.

Vec¢ dodane sadre cementnemu klinkerju pospesuje hidratacijo. Pri visjih M-razmerjih
nastane ve¢ etringita in manj monosulfata, kar vpliva na tlacno trdnost, saj vec¢ etringita
pomeni vedjo trdnost. Ce je ve¢ belita v klinkerju, nastane ve¢ silicijevega hidrogranata
in C—S—H in manj strétlingita. Cement iz rdecega blata kaZe pospeSeno hidratacijo,
zaradi ve¢ mayenita in alkalijskih sulfatov v primerjavi s cementom iz naravnih surovin
in z odpadnim betonom. Vpliv sekundarnih surovin na hidratacijske procese belita in
ferita je bolj opazen pri 5 °C, vendar je veliko manjsi pri visjih temperaturah, medtem ko
je vpliv na hidratacijo ye’elimita Se manjsi v primerjavi z belitom.

Visje temperature vodijo do povecanega elasticnega modula zaradi pospesene
hidratacije, medtem ko se le-ta razvije prej zaradi hitrega nastajanja strukture pri visjih
temperaturah. Koli¢ina ye'elimita poveca viskoznost, medtem ko je elasticni modul nizji,
kar je pripisano njegovi sibkejsi strukturi.
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Chapter 1

Introduction

1.1 Low-Carbon Cements

Concrete is recognized to be both, the most manufactured product and the most widely
utilized construction material globally [1], [2]. Notably, the cement sector, a vital subset
of wvarious industries, accounts for a substantial carbon footprint, generating
approximately 8 % of total emissions [1], [3]. Consequently, the use of concrete has a
significant impact on the environment [2]. In 2015, the total volume of cement produced
globally exceeded more than 4 billion tonnes [1], [4]. Current projections claim that by
2050, the global demand for concrete will escalate in order to satisfy global construction
needs (Figure 1.1), subsequently increasing the emissions of carbon dioxide emissions
from cement production [2], [5].
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Figure 1.1: Cement production in industrialized and developing countries [6].
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The production of ordinary Portland cement (OPC), the type of cement typically
used worldwide, leads to the release of high amounts of carbon dioxide and requires are
high energy consumption [1], [7]. In general, there are two sources of carbon dioxide: from
the decomposition of limestone (CaCQOj;) into CaO and CO, during the calcination
process and from the combustion of fuel. Limestone is the main ingredient of Portland
cement raw meal and its decomposition accounts for approximately 60 % of the overall
CO; emitted. The rest results from the fossil combustion of fuel for energy production
during clinkering in the kiln [5], [6].

It is imperative to take decisive action in order to diminish the environmental impact
of construction over the coming decades. In line with this, numerous initiatives have
taken place over recent decades aiming to develop concrete that is environmentally
friendly [2], [5], [7], [8].

In addition to strategies employing carbon capture and storage to reduce carbon
dioxide emissions [1], two main approaches have emerged. One approach is the use and
replacement of a substantial proportion of clinker with supplementary cementitious
materials (SCMs) such as fly ash (FA) and blast furnace slag (BFS) [2], [4]. However,
considering the changes occurring in the energy sector (shift from the coal industry,
increase of steel recycling) and the move towards more sustainable practices in other
industries, the traditionally used SCMs may not be available in quantities sufficient to
meet the demand for concrete and cement [1], [4]. Recent research has shown that clay, a
material abundant worldwide, can serve as a highly reactive SCM when calcined at a
high temperature (600 °C). Cements known as limestone calcined clay cement or LC?
exhibit good performance, in addition, it is projected that the use of LC? could facilitate
a reduction in CO, emissions between 15 and 30% [9]-[11].

The second approach to lowering carbon dioxide emissions is the use of alternative
mineral binders. Alternative binders have the potential to reduce the environmental
impact in comparison to conventional cements. Constraints related to the availability
and cost of materials, however coupled with technical limitations rising from the use of
alternative technologies, may prevent them from being used on a large scale in the
coming decades [12], [13]. Many different alternative mineral binders have been proposed,
including magnesium-based cements, hydraulic calcium silicate clinkers manufactured by
hydrothermal processing, alkali-activated cements, carbonation-hardening cements,
calcium sulfoaluminate cements (CSA), and belite-calcium sulfoaluminate cements
(BCSA), amongst others [1], [4], [7], [14].

1.2 History and Potential of BCSA Cements

Over the past few decades, the development and use of mineral binders has shifted into a
new generation of cements based on belite and ye’elimite. These cements are considered
eco-friendly alternatives to traditional Portland cement, reducing CO, emissions by
approximately 30% compared to that generated from Portland cement and consuming
less energy during their production [7], [12], [14]-[16].

Researchers have found that by combining ye’elimite (C4A3§; constituting over 50 %),
the main phase of calcium sulfoaluminate (CSA) cements with belite (C»S) - a relatively
slow-reacting clinker phase found in ordinary Portland cement - it is possible to combine
the advantages of both systems in a single material, known as belite-calcium
sulfoaluminate (BCAS) cements (Figure 1.2) [12], [15]. The hydration of ye’elimite results
in the formation of ettringite (CsAS;Hz), which facilitates a high early strength (owing to
the very high reactivity of ye’elimite), while the hydration of belite leads to the
formation of calcium silicate hydrates (C—S—H), which contribute to the late age
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strength of the cements [14], [16]. Calcum sulfoaluminate cements are primarily divided
into two categories: high ye’elimite calcium sulfoaluminate cements and low ye’elimite
calcium sulfoaluminate cements or belite-calcium sulfoaluminate cements [17]. The
literature identifies two primary sub-groups of BCSA clinkers: iron-rich and aluminium-
rich BCSA clinkers [18]. Iron-rich clinkers contain belite, ye’elimite, and at least 5 wt. %
of ferrite phase. Meanwhile, aluminium-rich clinkers feature aluminium-rich minor phases
like mayenite and calcium aluminate [18]-[20]. Due to the economic challenges and
profitability concerns associated with the mass production of high-aluminium clinkers,
such as the cost of Al-sources and sintering temperature, current research is heavily
leaning towards iron-rich BCSA clinkers. These types of cements have been designated
with the name "belite-calcium sulfoaluminate—ferrite' (BCSAF) cements [21] but the
preferred nomenclature nowadays tends to be the more concise "belite—ye'elimite—ferrite"
(BYF) cements [5], [12].

One of the main advantages of these cement clinkers is that the rotary kiln systems
used in manufacturing are fundamentally the same as those used for the Portland clinker
[5], [14]. Belite-calcium sulfoaluminate cements demand a lower sintering temperature
within the kiln, typically ranging between 1250-1350 °C. This is considerably lower
compared to ordinary Portland cement, which undergoes sintering at temperatures
between 1400-1500 °C, a range where the formation of alite (CsS), a principal clinker
phase in ordinary Portland cement, occurs. Additionally, this reduction in sintering
temperature leads to a reduction in NOx emissions [16]. Belite-calcium sulfoaluminate
cement clinkers have a higher porosity, making them easier to grind [7], [16], [22]. They
usually contain a minimum of 3% sulfur, denoted as SOs;, which is mostly found in the
ye'elimite phase. Given that contemporary cement kiln systems are exceedingly efficient
at SO, scrubbing, the vast majority of the sulfur is retained within the clinker, resulting
in minimal emissions into the atmosphere [12].

Moreover, the reduction in the amount of CO. is also attributed to the smaller
quantity of limestone (20-30 %) used in the raw meal. This means, it contains a lower
amount of calcium carbonate, which transforms into calcium oxide and CO, during the
clinker formation process. A part of the calcium carbonate is substituted by calcium
sulfate (7], [12], [16].

The primary raw materials used for the production of cement clinker for belite-
calcium sulfoaluminate cements include limestone, clay, and bauxite, with the addition of
calcium sulfate to provide the CaO, SiO,, Al,O3, and SOs; required for phase formation
[23]. Industrial by-product or waste materials, referred to as secondary raw materials
(SRM), can be utilized for the production of belite-calcium sulfoaluminate cements, thus
contributing to the preservation of natural raw materials [16], [24]-[26]. Examples of such
materials include slag, fly ash, phosphogypsum and red mud amongst others [16], [24],
[26].
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Figure 1.2: Ternary CaO-Al,03-SiOs diagram. The diagram showing the chemical
composition of OPC and BYF cement clinkers (adapted by [27], [28]).

The major phase in belite-calcium sulfoaluminate cement clinker is belite (typically
about 30-50 %), while the other two main phases are ye’elimite (25-50 %), and ferrite (5-
20 %) [5], [29]. The cement is formulated by mixing the finely ground clinker with
calcium sulfate in the form of gypsum (CSH.,), bassanite (CS-0.5H) or anhydrite (CS).
Calcium sulfate works as a setting regulator and can be used to alter the hydration [23],
[30]. The performance and properties of belite-calcium sulfoaluminate cements are
influenced by several factors, including the raw materials chosen, the clinkering process,
the composition of the clinker, the fineness of the cement, the kinetics of hydration and
the microstructure development, amongst other things. [31].

Although calcium sulfoaluminate cements have been produced for several decades,
because of their specific characteristic their use has been limited to specific applications
and special cement markets. Currently, belite-calcium sulfoaluminate cements are not
produced or used on a large scale in Europe. In the United States, belite-calcium
sulfoaluminate cements have been used for highways and airfield pavements for more
than 30 years [32]. Over the past three decades, BCSA technology has developed
substantially in China, and Chinese norms have been established to govern this category
of cement [6]. Nonetheless, its usage is presently confined to specialized structural and
non-structural applications, largely because of its higher cost compared to ordinary
Portland Cement [6], [33], [34].

1.3 Cement Chemistry Nomenclature

In cement chemistry, chemical compositions are denoted using their respective oxides.
Special notations are utilized when expressing these oxides in cement nomenclature. It is
noteworthy that compounds written with these notations do not, however, represent pure
compounds, as they also contain various impurities. For the representation of pure
compounds, comprehensive chemical formulas are used. These oxides form different
minerals, which are identified as phases within the context of cement chemistry [35], [36].
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The main abbreviations for these oxides are presented in Table 1.1, while the main
cement clinker phases along with the hydration products, are shown in Table 1.2.

Table 1.1: Cement chemistry notation for the main oxides present in cements.

Cement chemistry notation Chemical formula
Ca0O
Si0;
Al O
Fe 05
H-O
CO;
SOs

wniolmd ™ e o O

Table 1.2: Cement chemistry notation for the main cement clinker phases and hydration
products.

Cement chemist

Phase . Chemical formula
notation
Alite CsS CasSiOs
Aluminium hydroxide
(gibbsite) Al ALOH);
Anhydrite cs CaSO,
Aphtitalite KNS, K:Na(SO,)s
Arcanite KS K,SOq4
Bassanite CS - 0.5H 2CaS0y - H,O
Belite CoS CasSi0,
Calcium aluminate CAH,, CaALO, - 10H,0
decahydrate
Calcium monosulfate C,ASH,, 3Ca0 - (AL Fe),0; - CaSO, - nH,O
Calcium silicate hydrate C—S—H 3Ca0 - Si0, - 4H,0
Dicalcium aluminate hydrate C,AHs 2Ca0 - Al,Os - (8+n)H,O
Ettringite CsAS:Hs, CagAly(SO4)3(OH) 2 - 26H,0
Ferrite C,AF Cas(AlFe),0s5
Gehlenite C.AS CayAl,Si0O;
Gypsum CSH, CaS0, - 2H,0
Iron hydroxide FH; Fe(OH)s
Katoite C3AH; CazAly,(OH)1»
Lime C CaO
Magnetite fF Fe;04
Mayenite Ci2A~7 12Ca0 - TALOs
Monocalcium aluminate CA CaAl,Oq4
Monocarbonate C,ACH,, 3Ca0 - Al,O; - CaCO; - 11H,0O

Pentacalcium trialuminate CsA3 5Ca0s3 Al,O3
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Periclase M MgO
Perovskite CT CaTiOs
Portlandite CH Ca(OH),

Siliceous hydrogarnet C3(A F)SH, C3(A, F)SH,
Stratlingite C,ASH;s Ca,ALSiO; - 8H,O
Ternesite C5S.S Cas(S104)250,
Tricalcium aluminate CsA CasAlyOg
Water H H-,0O
Ye'elimite CLAS Cay(A10,)680,

1.4 Phase Composition of BCSA Cement Clinker

Belite-calcium sulfoaluminate cement clinkers contain three main phases: belite,
ye’elimite and ferrite. The presence and proportion of additional minor phases depend on
the quantity and origin of the raw materials used [23], [37], [38].

1.4.1 Belite

Belite (C,S), which is di-calcium silicate found naturally as larnite, typically constitutes
40-55 % of the mass. It is one of the main phases in ordinary Portland cement [12]. The
hydration of belite usually takes place in the later stages, significantly affecting the
density of the cement’s microstructure [37], [39].

Belite can exist in several polymorphic forms, including a, a’i, o'y, B or y-belite [15],
[31]. At high temperatures, a-C,S is stable and transitions into a's-C,S at 1425 °C. This
form remains stable up to a temperature of 1160 °C, at which point, it transforms into a
'1-CoS. At a temperature of around 650 °C, a-CsS transforms into B-C.S. Further cooling
causes the transformation of B-C.S into y-C,S, a modification that is stable at room
temperature [36].

Belite consists of Ca?* and SiO4* ions [40]. The distribution of these ions is similar in
both the alpha (o, a't, and a'y) and beta () polymorphs, but differences occur in the
gamma (y) polymorph [40]. These differences are associated with the lower density of the
y-modification, which is also the reason for the stability of y-C.S at room temperature
[40]. Moreover, the polymorphs of C.S also differ in terms of the arrangement of ions
within the crystal structure. The alpha modifications contain Ca?* cations coordinated
with eight or nine oxygens ions in an irregular spatial arrangement, while the crystal
structure of B-CsS has two Ca?* cations surrounded by eight oxygen ions in an irregular
spatial coordination. In contrast, the crystal structure of y-CsS is characterized by having
two Ca?" cations in a regular octahedral coordination [41]. Substitutions occasionally
occur in the crystal lattice of belite; monovalent and divalent ions replace Ca?" ions,
while multivalent ions such as Al**, Fe?, and S® substitute Si*" ions [42].

Increased reactivity can be realized through rapid quenching of the clinker, which
stabilizes the high-temperature a-belite polymorph, by incorporating different ions as
activators [43]. The addition of minor components such as Mg, Na, B, K, S, or Na helps
stabilize the reactive a-belite polymorph [15].
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1.4.2 Ye’elimite

Ye'elimite (C4A3§) is a naturally occurring form of calcium sulfoaluminate. This phase
usually constitutes 10-35 wt. % of belite-calcium sulfoaluminate cement clinkers, while it
is the major phase in calcium sulfoaluminate cement clinkers. Ye'elimite forms at
temperatures of approximately 1100 °C and remains stable up to approximately 1400 °C
[16]. At high sintering temperatures, ye’elimite starts to decompose, leading to the
evaporation of sulfur and the formation of other phases, such as CiA7, and CA [44].

Ye'elimite can appear in two distinct polymorphic forms: cubic and orthorhombic.
The form depends on the presence of specific ions in its crystal structure [31], [45]. The
properties of ye’elimite depend on the size and the distribution of ions. Substitutions are
common; Ca?* is replaced with Mg?* and Na*, while Al3* is replaced with Si*", Fe3*, B3
and Ti* [16], [46]. The incorporation of minor elements such as iron and boron into
ye’elimite can change its reactivity, and it can further increase the reactivity of belite
[12]. The incorporation of iron ions into the ye’elimite structure can stabilize the cubic
form of ye’elimite over the orthorhombic form [31]. The cubic ye’elimite, which contains
iron, exhibits slower consumption during hydration and consequently produces less
ettringite [45]. This results in a reduced heat of hydration in comparison to the
orthorhombic form of ye’elimite, which doesn't contain iron [45]. The hydration of
ye’elimite plays a key role in determining the early age properties of cement, significantly
contributing to high early strength [37], [39]. The presence of calcium sulfate accelerates
the hydration of ye’elimite [45].

1.4.3 Ferrite

Ferrite (C,AF) is a calcium alumino-ferrite, which naturally occurs in the form of
brownmillerite [12]. The ferrite phase is an orthorhombic solid solution with the
composition Cax(ALFei4):0s (x = 0 - 0.7), with a continuous series formed from C.F to
CsAzF. Each of the 2 Ca?* ions are surrounded by seven oxygens, in combination with
AI?* and Fe?' ions, which are distributed between octahedral and tetrahedral sites. Fe3*
ions are substituted by Mg?*, while Al** ions are substituted by Si** and Ti* ions [17].
Typically, belite-calcium sulfoaluminate cement clinker contains between 5 and 20 wt.
% of the ferrite phase. The incorporation of ferrite in the production of belite-calcium
sulfoaluminate cements enables the utilization of industrial by-products rich in iron, as
raw materials [12]. Ferrite is a slow reactive phase, much slower than ye’elimite, although
plays a minimal role in enhancing the early strength of the cement. It is often termed the
"flux phase" because it crystallizes from liquid melt in the kiln when it is cooled. This
liquid phase is important, as it accelerates the reactions within the clinker. Furthermore,
the ferrite phase can form a solid solution, accommodating various minor elements such
as titanium, silicon, and magnesium in the clinker [35], [36]. In addition, up to 2.5 % of
CsA and CsAs and even up to 5 % of CA can be taken in the solid solution of C,AF [47].

1.4.4 Calcium Sulfate

Calcium sulfate can be incorporated at different stages in the cement production process:
it can either be mixed with other primary raw materials during the clinker production
stage or added to the clinker when the cement is being prepared [37], [39]. Calcium
sulfate controls the kinetics of hydration, thereby determining factors such as the initial
setting time, the development of strength, and the volumetric expansion of the cement
[33], [39], [48], [49]. Anhydrite can be formed during the sintering of clinker [37]. These
can result from: (a) a lack of alumina or surplus lime in the initial feed, (b) insufficient
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temperature to transition CS/C2AS to C»S/CLAS, (c) inadequate residence time leading
to incomplete conversion, or (d) not appropriate SO, and O, partial pressures of SO, and
O, in the kiln [50]. Different sources of calcium sulfate such as anhydrite, basanite and
gypsum can be added to cement clinker. Bassanite exhibits the highest dissolution rate,
causing reactions to start very early and significantly shortening the initial setting time.
This makes it challenging to achieve homogeneity in the samples. On the other hand,
anhydrite has the slowest dissolution rate, leading to extended initial setting times. This
results in a high plasticity, to accommodate the formation of ettringite [30]. Gypsum
with ye’elimite stands at an intermediate level: it reacts faster than anhydrite but slower
than basanite [51].

1.4.5 Minor Phases

In addition to the major components, belite-calcium sulfoaluminate cement clinkers may
contain small quantities- between 0.01 wt. % and 10 wt. %, of other phases called minor
phases, such as ternesite, gehlenite, mayenite, perovskite, periclase, arcanite, magnetite,
and excess lime. The components mentioned can be introduced into the clinker raw meal
using natural raw materials, alternative fuels, supplementary cementitious materials
(SCM), or industrial by-products and waste [52]. These materials are present in lesser
amounts but may still influence the properties and behavior of the cement to a varying
degree [31].

1.5 Hydration of BCSA Cements

The hydration of belite-calcium sulfoaluminate cements is characterized by three main
features:

1. The dissolution of crystalline anhydrous phases such as belite, ye’elimite and
ferrite.

2. The formation of crystalline phases such as ettringite, stratlingite and monosulfate,
accompanied by the development of amorphous phases including gibbsite and calcium
silicate hydrate and the amorphous part of other crystalline AFm phases (aluminate
ferrite mono; such as calcium monosulfate, striatlingite).

3. The consumption of free water [15], [38], [53].

1.5.1 Hydration of Ye’elimite

Firstly, at early age of hydration, ettringite (CsAS;Hz) or Aft phase (aluminate ferrite
tri) is formed from ye’elimite which reacts with calcium sulfate (gypsum, basanite or
anhydrite) and water [15], [29], [49]. This reaction also gives amorphous or poorly
crystalline aluminium hydroxide (AHs) as a product [15], [20], [23], [30], [49], [54],
according to Eq. (1.1):

C4A3S + 2 CSH, + (38 —2x) H - C4AS3H;, + 2 AH; (x = 0,0.5,2) (1.1)

This reaction is significantly influenced by the water to cement ratio as well as the
quantities of ye'elimite and calcium sulfate in the cement. This process tends to consume
a substantial portion of the initial water volume, with the resulting hydrates rapidly
filling the initial porosity. Typically concluding within 1 to 2 days, although sometimes



1.5. Hydration of BCSA Cements 9

as early as 6 hours; this reaction provides the mixture high early mechanical strength
[55].

Ettringite formation occurs when the molar ratio of calcium sulfate to ye'elimite,
referred to as the "M-value', is less than 2 (M < 2), and continues until the all available
calcium sulfate is exhausted [45], [56]-[58]. On the other hand, if this M-value exceeds 2
(M > 2), a residual quantity of calcium sulfate remains even after the hydration process
has been completed [48], [56]. Calcium sulfoaluminate cements, which are generally
characterized by rapid setting and hardening, typically exhibit an M-value below 1.5,
whereas in the case of expansive cements, the M-value usually ranges between 1.5 and
2.5 [34], [56], [59].

If there is sufficient water still available when the source of the calcium sulfate is
depleted, calcium monosulfate or usually denoted just monosulfate (C4A§H12) begins to
precipitate, again together with aluminum hydroxide [20], [34], [45], [57], [60], according
to Eq. (1.2):

C4AsS + 18H — C,ASH;, + 2 AH; (1.2)

1.5.2 Hydration of Belite

The hydration reactivity of belite is slow and leads to later strength development [37].
The hydration of belite consumes the aluminium hydroxide that has already precipitated,
leading to the formation of stratlingite (C2ASHs) [20], [55], [57], according to Eq. (1.3):

C,S + AH; +5H — C,ASHq (1.3)

If aluminum hydroxide is no longer present, calcium silicate hydrates (C—S—-H) and
portlandite (CH) precipitate [20], [23], [31], [57], as delineated in Eq. (1.4):

C;S + nH - C—-S—-H+mCH (1.4)

1.5.3 Hydration of Ferrite

The reactivity of ferrite throughout hydration in these kinds of cements is notably slower
compared to that of ye’elimite and remains somewhat unclear and complex due to the
formation of solid solutions between iron- and aluminium-containing hydrates which
could stabilize the iron-rich AFt [61] and iron-rich AFm [62].

Following the depletion of gypsum, the hydration of ferrite can contribute to a higher
amount of monosulfate, according to Eq. (1.5). The portlandite that has precipitated will
engage in later reactions, like combining with aluminium hydroxide to produce AFm
phases.

2 C4AF + C4AS3Hz, + 12H - 3 C4,ASH;, + 2 FH3 4+ 2 CH (1.5)

Siliceous hydrogarnet containing iron (C3(A,F)SHs) may form through the hydration
of ferrite [20], facilitated by the presence of stritlingite, as described in Eq. (1.6):

C4AF + C,ASHg + 3H — 2 C3(A F)SH, + AH, (1.6)
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1.6 The Influence of Temperature on the Cement
Hydration

The hydration of belite-calcium sulfoaluminate cements is considerably complex, largely
owing to the many variations in the composition of the cement clinker. Current research
investigating the impact of various parameters on the hydration of belite-calcium
sulfoaluminate cements is relatively limited, and their findings are incomparable to
studies on ordinary Portland or calcium sulfoaluminate cements, both of which have been
studied more extensively. Furthermore, in addition to the effect of temperature, the
hydration of these cements is significantly influenced by various other parameters,
including the quantity and reactivity of the calcium sulfate added, the fineness of the
cement particles, the water-to-cement ratio, and the presence of minor phases, amongst
other things [20].

Temperature is a crucial factor affecting the development of hydration products and
the kinetics of the hydration process. Cements are subjected to various temperatures,
both due to diverse climate conditions and because of the hydration heat produced
during the setting time of concrete. These variations in temperature significantly
influence the kinetics of hydration, altering the composition of the pore solution and
affecting the precipitation, as well as the morphology and stability of the hydrates
formed [63].

The influence of temperature on the hydration of Portland cement and blended
Portland cements [63]-[71] has been thoroughtly investigated, while some tudies have
also been performed on calcium sulfoaluminate cements [39], [72]-[74]. Studies in the
literarature examining the effect of temperature on the hydration of belite-calcium
sulfoaluminate cements are, however, scarce. It is important to assess the sensitivity of
cements to temperature in order to verify if a particular cement can perform reliably
across a diverse range of environmental conditions.

1.6.1 The Influence of Temperature on Portland Cement and
Blended Portland Cements

Investigations concerning the effect of temperature on the hydration kinetics of Portland
cement and blended Portland cements have revealed that cement pastes exhibit
accelerated hydration at higher temperatures, which contributes to early strength gain
[65], [68], [69], [71], [75], [76]. Conversely, a decrease in temperature lowers the hydration
rate [70]. Higher temperatures also contribute to significant changes in the stability of
the hydrated phases [63], [65]. When subjected to elevated temperatures, hydrates like
ettringite and monocarbonate show lower stability and calcium monosulfate starts to
form instead of ettringite. This is primarily attributed to the increased solubility of
ettringite in such conditions, making it less stable compared to other compounds like
calcium monosulfate and siliceous hydrogarnet [65], [77], [78]. Lower temperatures
promote the development of a denser and more homogeneous matrix, a result of the slow
yet persistent hydration process. Furthermore, at low temperatures, the porosity within
the C—S—H gel is increased, accompanied by a decrease in its density [63], [67], [79], [80].
In contrast, at elevated temperatures, uneven distribution of the hydration products has
been observed, together with coarser porosity [65], [69]. A noticeable decrease in the
amount of ettringite and the formation of significantly shorter needles of ettringite is also
apparent at higher temperatures [65].

Also the crystallinity of aluminium hydroxide is significantly affected by temperature. At
room temperature or below, aluminium hydroxide precipitates in a nanocrystalline
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amorphous form. At temperatures exceeding 60 °C, however, its less soluble form,
gibbsite, precipitates [78].

1.6.2 The Influence of Temperature on Calcium Sulfoaluminate

Cement

Studies investigating the effect of temperature on the hydration kinetics of calcium
sulfoaluminate cements (high ye’elimite calcium sulfoaluminate cements) have indicated
as with Portland cement, elevated temperatures accelerate hydration [39], [72], [74].
Compressive strength during the early ages is found to increase with elevated
temperatures [72]. Some researchers have reported a decrease in compressive strength at
later ages at higher temperatures [72], [74]. Additionally, the porosity of calcium
sulfoaluminate cement tends to decrease at lower temperatures, resulting in a less
heterogeneous microstructure [74], [81], as has previously been shown in Portland
cements. Although different curing temperatures do not alter the types of hydrates
formed, they do affect the quantities of these hydrates [72]. The hydration rate of
ettringite formation noticeably accelerates at higher temperatures [39]. It has been shown
in ye’elimite-rich calcium sulfoaluminate cements that ettringite remains stable up to
about 90 °C in the absence of monocarbonate. This stability can have a positive effect on
the compressive strength of cement pastes [73], [82].

1.6.3 The Influence of Temperature on Belite-Calcium Sulfoaluminate

Cement

In contrast to Portland cement and ye'elimite-rich calcium sulfoaluminate cement,
limited research exist concerning the effect of temperature on the hydration of belite-rich
calcium sulfoaluminate cements. The heat of hydration has been studied by isothermal
calorimetry at 5 °C, 23 °C and 38 °C [23] and the results were comparable to those seen
in ordinary Portland and blended Portland cements. Increasing the temperature to 38 °C
led to rapid strength development compared to 23 °C., whereas at 5 °C the hydration
was considerably slower [23]. Another study investigated the impact of temperature on
the hydration of belite-ye’elimite cement containing only a very small amount of Fe in
the system[83]. The hydration degree of belite increased at both 5°C and 60°C, leading to
the formation of C—S—H. Stritlingite amount was found to be lower at elevated
temperatures. At 60°C, siliceous hydrogarnet was identified in small amounts, which was
attributed to the low amount of Fe present in the system [83].

1.7 Research Aims and Hypothesis

Given that cement is one of the most important building materials understanding its
hydration is crucial. It is further important to study hydration at both higher and lower
temperatures, as temperature can alter both (i) the kinetics of hydration and (ii) the
composition of the hydration products. This is significant, since it is possible to use
cement both during summer (or hot conditions) and winter (or cold conditions), while
the hydration heat produced when concrete is setting also results in a change of
temperature. The results of the research will thus help understand the effect of hydration
of belite-calcium sulfoaluminate cement on the final physico-mechanical properties and
durability, which will contribute to the use of such materials in practice. In particular, it
is important to acquire data on temperature dependence that influences the changes and
stability of a particular hydration product and that could lead to the deterioration of
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mechanical properties and consequently the potential collapse of an object. Furthermore,
the effect of clinker composition and microstructure on the hydration process, hydration
products, and mechanical properties of cements has not been reported in full. The
hydration kinetics and chemistry are not well understood and sometimes contradictory,
such as the hydration of the ferrite phase or the formation of different hydration
products, not only at low and elevated temperatures, but also at room temperature. The
physical and mechanical properties of cement reflected on the macro-level are directly
related to its microstructure and nanostructure, so it is therefore essential to understand
the structure at different levels.

The main aim of the dissertation is to study the hydration processes of belite-calcium
sulfoaluminate cements of various compositions at different temperatures, with the
specific objectives as follows:

1) To determine how different temperatures affect the kinetics and course of the
hydration process of belite-calcium sulfoaluminate cements.

2) To investigate the influence of temperature on the formation of hydration
products, changes in their composition and morphology and on the conversion
and stability of phase assemblage.

3) To determine the effect of temperature on the physico-mechanical properties
of belite-calcium sulfoaluminate cements.

4) To investigate the influence of different amounts of calcium sulfate on the
hydration process and precipitation of hydrates of belite-calcium
sulfoaluminate cements.

5) To study the hydration of belite-calcium sulfoaluminate cements made from
clinkers with different phase compositions.

6) To study the hydration of belite-calcium sulfoaluminate cements made from
different raw materials at various temperatures.

The main working hypotheses are as follows:

e Temperature significantly affects the course of hydration processes and the
composition of hydration products.

e The properties of cement depend on the reaction kinetics and hydration of the
clinker phases, both of which are temperature-dependent.

o The hydration temperature will affect the long-term stability and phase
conversions and consequently the physico-mechanical properties of the cement in
its solidified state.

e The initial phase composition of the cement clinker (i.e., the proportions of
ye’elimite, belite and ferrite) significantly affects the hydration, as well as
resulting composition of the hydration products.

e The introduction of different raw materials into the cement clinker mixture will
change the hydration kinetics and the hydrate assemblage.
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e The amount of calcium sulfate determines the phase assemblage precipitated and
affects the physico-mechanical properties of the cement.

1.8 Layout of the Thesis

The thesis is organized into 8 distinct chapters, with the contents presented as follows:

e Chapter 1 includes the introduction, where the scientific background is presented
alongside the state of art. The main aims, hypothesis, approach, and the layout of
the thesis are described.

The subsequent chapters (from 2 to 7) present the principal findings of this research.
Chapters 2, 3 and 4 are original papers that have already been accepted and published in
international scientific journals are included in the Science Citation Index and referenced
in the Web of Science with an Impact Factor. Chapters 5, 6 and 7 are written in a
format suitable for submission to peer-reviewed journals, some of these have already been
submitted, while others are currently at a stage of preparation.

o Chapter 2 is a paper published in the international peer-reviewed journal
Ceramics International entitled: ‘Phase development and hydration kinetics of
belite-calcium sulfoaluminate cements at different curing temperatures’. The paper
reports results on the hydration of belite-calcium sulfoaluminate cement at
ambient and elevated temperatures, using a variety of experimental techniques.

o Chapter 3 is a paper published in the international peer-reviewed journal Minerals
entitled: ‘Quantitative in situ X-ray diffraction analysis of early hydration of
belite-calcium sulfoaluminate cement at various defined temperatures’. The paper
provides the results from a study investigating the influence of temperature on the
early hydration (first 24 hours) of belite-calcium sulfoaluminate cement.

e Chapter 4 is a paper published in the international peer-reviewed journal
Materials and Structures entitled: ‘ The influence of calcium sulfate content on the
hydration of belite-calcium sulfoaluminate cements with different clinker phase
compositions’. The paper discusses how different amounts of calcium sulfate
control the phase assemblage and physico-mechanical properties of belite-calcium
sulfoaluminate cement.

e Chapter 5 is a paper submitted to the international peer-reviewed journal
Construction and Building Materials entitled: ‘Ezperimental study and
thermodynamic modelling of the temperature effect on the hydration of belite-
ye’elimite-ferrite cements’. The paper presents the results of a study investigating
the influence of low, ambient and elevated temperatures on the hydration of
belite-calcium  sulfoaluminate cement through experimental work and
thermodynamic modelling.

e Chapter 6 is a paper currently being prepared with the working title: ‘Influence of
different secondary raw materials on the physico-mechanical properties and
hydration evolution of belite-ye'elimite-ferrite cement at different curing
temperatures’. The paper provides the results of a study investigating how
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incorporation of various secondary raw materials into cement clinker raw meal
affects the hydrate phase assemblage and hydration kinetics when exposed to
different curing temperatures.

o Chapter 7 presents the results of a research study yet to be published, with a
working title: ‘Rheological properties of belite-calcium sulfoaluminate cement at
defined temperatures’. The paper presents the results regarding the rheological
behavior of belite-calcium sulfoaluminate cement pastes in a fresh state at defined
temperatures.

Chapter 8 summarizes the main findings of the doctoral dissertation.
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Chapter 2

Phase Development and Hydration
Kinetics of Belite-Calcium
Sulfoaluminate Cements at Different

Curing Temperatures

This chapter is based on the published paper: M. Borstnar, N. Daneu, S. Dolenec, "Phase
development and hydration kinetics of belite-calcium sulfoaluminate cements at different
curing temperatures," Ceramics international, vol. 46, iss. 18, pp. 29421-29428, 2020 [84].

Belite-calcium sulfoaluminate cement has gained attention in the cement industry for
its potential environmental benefits over traditional ordinary Portland cement [12], [15].
Owing to the reduced sintering temperature and a lower decarbonation of limestone, the
manufacturing process for belite-calcium sulfoaluminate cement is more eco-friendly than
conventional cements[7], [16], [22]. The hydration of belite-calcium sulfoaluminate
cements is highly influenced by variations in temperature, which originate from varying
environmental conditions and heat produced during cement hydration [69], [75]. These
differences in temperature do not only impact the hydration kinetics but also the types of
hydrates that form.

The study deals with the effect of temperature on the hydration of belite-calcium
sulfoaluminate cement using various experimental techniques. Molar ratio of calcium
sulfate to ye’elimite (M-value) of 4.3 was used, while phase composition was 65 wt. %
belite, 20 wt. % ye’elimite and 10 wt. % ferrite. Three curing temperatures, 20 °C, 40 °C
and 60 °C, were selected. The investigation focused on analyzing the composition and
microstructure of hydration products at different hydration times (specifically at 1, 7, 28,
and 90 days of hydration). Various experimental techniques were employed for this
research to determine the hydrate assemblage that formed during hydration, including
differential thermal analysis and thermogravimetric analysis, X-ray powder diffraction
and Rietveld refinement. These results were further analysed using field emission
scanning electron microscopy to provide a comprehensive view of the microstructure
forming. The hydration kinetics were studied using isothermal calorimetry, and the
development of compressive strength of the cement pastes was determined.

The results revealed faster hydration and higher early compressive strength at higher
temperatures. The hydration product formed were ettringite, aluminium hydroxide and
C—S—H, while their amounts were more similar at 20 and 40 °C, than at 60 °C. Cements
cured at 60 °C contained a lower amount of ettringite, together with more unreacted
gypsum and a lower compressive strength at later ages, indicating a lower degree of
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hydration at higher temperatures. Furthermore, elevated temperatures led to the
formation of smaller ettringite crystals, due to the accelerated hydration of ye’elimite and
altered the presence of other hydration products, including a notable decrease in belite
hydration and C—S—H formation at 60 °C.

This chapter addresses the thesis objectives 1, 2 and 3.

The contribution of the doctoral candidate was writing the first draft of the
manuscript and conducting the experiment detailed in the manuscript, including
preparation of the materials (cement clinker and cement) and performing the majority of
the experiments (differential thermal analysis and thermogravimetric analysis, X-ray
powder diffraction, Rietveld refinement, isothermal calorimetry, compressive strength
measurements).
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Keywords: The influence of different curing temperatures on the hydration of belite-calcium sulfoaluminate cement was
Hydration investigated at 20, 40 and 60 “C. The hydration kinetics and the hydrated phase assemblages were studied by
Cement isothermal calorimetry, X-ray powder diffraction, differential thermal analysis and thermogravimetric analysis,
;:E‘:em[“"e as well as field i electron py. The strength of the cement

pastes was also determined. Results showed that, at early ages, hydration was faster and early compressive
strength was higher at elevated temperatures than at ambient temperature. On the other hand, at late ages in
cement pastes cured at 60 °C, the amount of ettringite decreased, leading to lower compressive strength, in-
dicating that the degree of hydration was lower at higher temperatures. Moreover, at elevated temperatures
prismatic ettringite crystals became smaller due to faster hydration. Other hydration products present were
aluminium hydroxide, which is formed together with ettringite from the hydration of calcium sulfoaluminate
and gypsum, and C-S-H which precipitates as a main hydration product of belite. Belite hydrated in a lesser
amount, especially at 60 ‘C, when the lowest amount of C-S-H was observed.

Calcium sulfoaluminate

1. Introduction

Belite-calcium sulfoaluminate cements are a new generation of low
energy and low-CO, cements, and are considered an alternative to
conventional Portland cement, reducing CO, emissions by up to 30% as
they require less limestone due to the substitution in part by calcium
sulfate [1-4]. Furthermore, these cements demand a lower firing tem-
perature in the kiln (typically around 1250 °C) and thus also emit a
lower amount of NOx [4]. In addition, belite-calcium sulfoaluminate
cement clinkers are more easily ground in comparison to Portland ce-
ment clinker due to their higher porosity [3-5]. The main phases pre-
sent in BCSA cements are belite (CazSiO,4 or CS in cement notation),
calcium sulfoaluminate (Cas(Al0,)sSOs or CyA;S) and ferrite
(Cax(AlFe),05 or C4AF), followed by calcium sulfate (CaSO4 or C8) [6]
in a form of anhydride, gypsum or bassanite [7-11]. The amount of
calcium sulfate controls the setting of calcium sulfoaluminate in cement
paste and can modify the kinetics of the hydration process [7,8]. De-
pending on the amount and source of the raw materials or sintering
conditions belite-calcium sulfoaluminate cements can also contain
other minor phases such as gehlenite (CazAl,SiO; or C,AS), mayenite
(12Ca0-7A1,05 or C;,A7), perovskite (CaTiO; or CT), periclase (MgO or

M), arcanite (K,80, or KS), magnetite (Fe;0, or fF) and excess of lime
(Ca0 or C) [12-15].

The hydration of belite-calcium sulfoaluminate cements is a com-
plex process mainly due to the different minor phases in addition to
main phases [12-14]. The hydration of calcium sulfoaluminate leads to
the formation of ettringite (CagAly(S0.4)3(0H), »26H,0 or CgS;Hsz) and
aluminium hydroxide (AI(OH)3 or AH3), which contribute to the early
strength of the cement [1,10]. When the source of sulfate is consumed,
calcium monosulfate is formed (CaAl;(OH);,80,6H,0 or C,ASH;,)
[1,5,10]. Furthermore, the hydration of the belite leads to the forma-
tion of calcium silicate hydrates (3Ca0-Si054H,0 or C-5-H) and por-
tlandite (Ca(OH)2 or CH), which contributes to the late age strength of
the cement [12,15,16]. Also, other phases such as strétlingite
(CayAl,Si07-8H,0 or C,ASHg) and katoite (CazAl,(OH);» or C3AHg) can
precipitate [16-18].

One of the main parameters influencing the hydration of cements is
temperature. As a result of different environmental conditions and also
heat which is produced during the hydration, cement materials are
exposed and affected by different temperatures [19,20]. While studies
mainly deal with the hydration of ordinary Portland cement, blended
cements and calcium sulfoaluminate cements, the studies on the
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Table 1

Chemical composition of raw materials (in wt. %).

Limestone Flysch Bottom ash Calcined bauxite Titanogypsum Mill scale
Si0, 4.76 32.02 59.75 5.88 013 0.64
AlaOg 0.86 7.74 18.73 87.69 116 0.34
Fea03 0.51 3.49 10.03 1.89 0.04 97.96
Ca0 51.51 28.83 5.63 0.06 32.62 0.82
MgO 0.90 1.69 2.20 0.52 0.04 0.29
503 0.09 0.07 0.15 0.17 45.39 0.09
NazO 0.61 0.54 1.01 0.08 0.06 0.67
K0 0.14 1.23 1.60 0.39 0.01 0.02
TiOy 0.04 0.38 0.53 3.71 0.62 0.01
LOI 950 'C 41.41 24.65 1.20 0.15 21.35 0.00

kinetics of hydration processes and formation of hydration products of
belite-calcium sulfoaluminate cement cured at different temperatures
are rare.

Studies on ordinary Portland cement and blended cements at in-
creased temperatures showed that an increase of curing temperature
leads to an increase of the hydration rate and consequently to an in-
creased early strength development [19-25]. However, at elevated
temperatures the compressive strength decrease at a later period of
hydration, and furthermore it is lower at high temperatures in com-
parison to cement pastes hydrated at lower temperatures
[20,21,24,26-28]. At elevated temperatures there is only a short time
for the diffusion of dissolved ions and for hydration products to pre-
cipitate rapidly, resulting in a heterogeneous distribution of hydration
products and increased coarse porosity, and therefore a decreased
compressive strength [19-21,23-27,29,30]. At elevated temperatures
C-S-H density is increased [27] and its polymerization is increased
[21,31,32]. Lothenbach et al. [25] observed a decrease in the amount of
ettringite and shorter ettringite needles at higher temperatures. On the
other hand, at a later age at lower temperatures the hydration rate is
decreased, compressive strength is increased and coarse porosity de-
creased [24-26,29,30] due to the longer diffusion of dissolved ions and
the slower precipitation of hydration products, which lead to a more
homogenous distribution of hydration products [25,26,29]. At lower
temperatures C-S—-H has a higher gel porosity and is less polymerized
[32).

Recent studies that deal with the hydration of calcium sulfoalumi-
nate cement at elevated temperatures revealed that at temperatures
around 90 °C ettringite is unstable, loses water and decomposes to
metaettringite, which can influence the mechanical properties of the
cement paste [33,24]. With the further addition of water to metaet-
tringite, ettringite forms again. Metaettringite decomposes to mono-
sulfate under steaming conditions and causes the delayed formation of
ettringite [33,34]. Jeong et al. [33] indicated that the compressive
strength of samples cured at 90 °C was at 1 day of hydration lower than
at 30 and 60 "C due to the decomposition of ettringite. Another study on
calcium sulfoaluminate cement [11], where hydration was studied in
the first 24 h, showed that at higher temperatures the hydration of
calcium sulfoaluminate and gypsum was faster, resulting in the rapid
formation of ettringite and a higher hydration rate. Also, there was no
precipitation of katoite, which would probably cause a regression of
compressive strength. Furthermore, increasing the temperature also
results in fewer but larger pores [11].

As concerns the effect of temperature on the belite-calcium sulfoa-
luminate cements, until now only the heat of hydration at different
temperatures (5, 23 and 38 “C) was studied with isothermal calorimetry

[12]. The results were similar to those on ordinary Portland cement and
blended Portland cements, indicating that with increasing the tem-
perature to 38 °C, strength development is more rapid than at ambient
temperature. At lower temperatures (5 °C) the hydration reaction is
significantly slower [12].

The aim of this study was to investigate the effects of different
curing temperatures on the hydration of belite — caleium sulfoaluminate
cement. The composition of hydration products and microstructure at
1, 7, 28 and 90 days of hydration was studied using differential thermal
analysis and thermogravimetric analysis, X —ray powder diffraction
and Rietveld refinement, as well as field emission scanning electron
microscopy. Furthermore, hydration kinetics was studied with iso-
thermal calorimetry and the compressive strength development of the
cement pastes was determined.

2. Experimental
2.1. Materials

The cement clinker with the targeted phase composition 65 wt%
belite (C,S), 20 wt% calcium sulfoaluminate (C4A:S) and 10 wt% ferrite
(C4AF) was synthesized for the study [35]. The clinkers were prepared
of the following raw materials: limestone, flysch (sequence of sedi-
mentary rock layers of calcareous breccia, calcareous sandstones and
marls), bottom ash from a coal thermal power plant, white titano-
gypsum, calcined bauxite and mill scale. Chemical composition of raw
materials is given in (Table 1). The materials were proportioned by a
modified Bogue method [12] (Table 2).

All the raw materials were ground to pass a 200 ym mesh sieve
before making batch compositions. After homogenization, 200 g of raw
meal was ground for 3 h in 200 mL of isopropanol using a ball mill
(CAPCO Test Equipment Ball Mill Model 9VS) and then dried at 40 °C
for 24 h. Pressed pellets of 15 g of the raw meal with the diameter
30 mm and height 13 mm were prepared using a HPM 25/5 press at
10.6 kN and subjected to heating to 1250 “C with a heating rate of
10 °C/min in a Protherm furnace PLF 160/9. The holding time at the
final temperature was 60 min. Finally, cooling was natural in a closed
furnace. The heating and cooling were carried out under oxidizing
conditions.

The synthesized clinker was ground below 0.125 mm in a vibratory
dise mill (SIEBTECHNIK Labor Scheibenschwingmiihle TS. 250) and
blended with 20.3 wt % of white titanogypsum. The amount of gypsum
needed was calculated according to Chen & Juenger [12]. The cement
made was ground to a Blaine fineness of 497 m?/kg using a ball mill
(CAPCO Test Equipment Ball Mill Model 9VS).

Table 2
Amount of raw materials used in a raw meal (in wt. %).
Limestone Flysch Bottom ash Caleined bauxite Titanogypsum Mill scale
Amount (wt. %) 57.9 23.6 9.0 53 4.0 0.2
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Fig. 1. Hydration heat flow for cement samples cured at 20, 40 and 60 C".

Cement pastes were prepared using a water to cement/ratio of 0.4.
Specimens were mixed by hand for 3 min and cast into prismatic
moulds, 10 x 10 X 25 mm in size, demoulded after 24 h and cured in
sealed plastic containers at 20, 40 and 60 “C until testing.

The hydration of the cement pastes was stopped by solvent ex-
change with isopropanol at 1, 7, 28 and 90 days. A part of the crushed
cement paste from the interior (pieces close to the upper surface were
discarded) was submerged in 100 mL of isopropanol for 15 min, filtered
with a Buchner filter and rinsed twice with isopropanol. Samples were
dried in a ventilated oven at 40 °C for 8 min [36].

2.2. Methods

The hydration kinetics of the cement was assessed by isothermal
conduction calorimetry using an eight-channel TAM Air 8 calorimeter
(TA Instruments). 4 g of the cement with a water/cement ratio of 0.4
was mixed in situ with an admix ampoule for 3 min. The heat evolution
was evaluated for 7 days at 20, 40 and 60 °C on two replicate mea-
surements per sample at a particular temperature.

The compressive strength of the cement pastes was measured on the
prepared 10 x 10 x 25 mm prisms, cured at 20, 40 and 60 "C. The
samples were demoulded after 24 h. The compressive strength was
determined on four replicas per curing temperature at 1, 7, 28 and 90
days using ToniNORM, Toni Technic by Zwick testing machine with a
loading rate of 0.05 kN/s.

X-ray powder diffraction was performed to determine the phase
composition of the cement pastes with the hydration stopped at 1, 7, 28
and 90 days using a PANalytical Empyrean X-ray diffractometer
equipped with CuKa radiation with & = 1.54 A. 5 g of the samples were
ground in an agate mortar to a particle size below 0.063 mm. The
ground powder was manually back-loaded into a circular sample holder
(diameter 16 mm) to mitigate the preferred orientation effect for X-ray
diffraction data collection. The samples were scanned at 45 kV and a
current of 40 mA, over the 20 range from 4° to 70°, at a scan rate of
0.026° 26/min and step time 172 s. The obtained X-ray diffraction
patterns were analysed using X'Pert High Score Plus diffraction software
v. 4.8 from PANalytical, using PAN ICSD v. 3.4 powder diffraction files.
All Rietveld refinements were preformed using the PANalytical X'Pert
High Score Plus diffraction software, using the structures for the phases
from ICDD PDF 4 + 2016 RDB powder diffraction files and publication
references. The powder diffraction file (PDF) codes for the identified
phases used for Rietveld refinements were: B-C,S (01-086-0398), y-C2S
(01-086-0391), CsA;S-orthorhombic (04-011-1786), C,4A;S-cubic
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(04-009—7268), C4AF (01-071-0667) and CSH, (00-33-0311), and
C6S3Hs; (00-041-1451). The amorphous phase was not considered.

Thermogravimetric (DTA/TG) measurements of the cement pastes
with stopped hydration at 1, 7, 28 and 90 days of hydration were
carried out using a Netzsch STA 409 instrument in the temperature
range from 30 to 1000 °C, at a heating rate of 10 °C/min, under nitrogen
flow at a rate of 20 mL/min. The samples were ground to a particle size
below 0.063 mm with an initial mass of approx. 15 mg and placed in
Al 05 crucibles. Measurements were performed on two replicas per
curing temperature at 1, 7, 28 and 90 days. Results were analysed using
the Netzsch Proteus Thermal Analysis software.

Freshly fractured surfaces of cement pastes with hydration stopped
at 1, 7, 28 and 90 days were examined using a Field Emission Scanning
Electron Microscope (FE/SEM) JEOL JSM-7600F equipped with an
Energy Dispersive X-ray spectrometer (EDXS). All FE/SEM images were
recorded at an accelerating voltage of 5 kV, a working distance of
15 mm and probe current 0.7 nA using backscattered electrons (BSE).
Specimens were coated with a thin layer of platinum using Precision
Etching Coating System (PECS Model682, Gatan, USA) to enhance
electrical conductivity.

3. Results and discussion
3.1. Isothermal calorimetry

The results of the isothermal calorimetry are shown in Fig. 1. The
first initial exothermic peak (labelled 1) was within the first 10-15 min
for all samples, and is related to the wetting of the system and rapid
dissolution of cement clinker phases, and an initial formation of hy-
dration products [9-11,37,38]. The difference between the samples
with different curing temperatures was evident, thus, the heat released
during the initial period increased at elevated temperature.

The induction period following the initial peak was at ambient
temperature with respect to the samples cured at a higher temperature
much longer. Namely, while the induction period for the sample at
20 °C lasted for 3 h, for samples cured at an elevated temperature (40,
60 “C) is shortened to about 10 min. During the induction period, the
clinker phases and gypsum slowly dissolute and ettringite slowly pre-
cipitates [9,37,38].

The acceleration period, when another exothermic (2) peak occurs,
was exhibited around the 3rd hour of the hydration time for the sam-
ples cured at ambient temperature (20 °C), which however was shifted
to an earlier time as the temperature was elevated. Accelerated hy-
dration at elevated temperatures and therefore a faster dissolution of
the anhydrous phases and precipitation of the hydrated phases was
observed in Portland cement [23] and blended cements [11,23,39]. The
acceleration period for the samples cured at 40 °C and 60 °C occurred
after 75 min and 30 min, respectively. The acceleration peak could be
attributed to the hydration reaction of calcium sulfoaluminate with
gypsum and the formation of ettringite, as well as aluminium hydroxide
[10,11].

Furthermore, as can be seen from the results, samples cured at 40 °C
and 60 “C displayed another exothermic peak (labelled 3), which can be
assigned to the further dissolution of gypsum and calcium sulfoalumi-
nate, and the formation of ettringite and aluminium hydroxide [10].
However, at 40 °C, this peak was significantly smaller and rather re-
presents a shoulder in comparison to 60 “C. Moreover, the difference
was also observed in time periods as the corresponding times to these
events were 2 h 15 min for a sample cured at 40 °C and 1 h 45 min fora
sample cured at 60 °C.

The hydration rate slowed down earlier at elevated temperatures,
after 5 h for samples cured at 40 and 60 “C, while for a sample cured at
20 °C after 12 h, meaning the initial reaction was faster at higher
temperatures.
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3.2. X-ray powder diffraction

Fig. 2 shows the time-dependent evolution of the phases in the
samples cured at different temperatures as calculated from the X —ray
powder diffraction patterns using the Rietveld refinement. X—ray
powder diffraction patterns of cement pastes cured at 20, 40 and 60 °C
at 1, 7, 28 and 90 days of hydration are shown in Fig. 3.

The crystalline phases present in the cement pastes were belite,
ferrite, calcium sulfoaluminate and gypsum as unhydrated relicts of the
cement, while ettringite formed as a hydration product. Fig. 2 shows
that the of calci Ifoalumi and belite clinker phases, as
well as gypsum, decreased with time at all curing temperatures in-
dicating the formation of hydration products. On the other hand, there
was no notable difference in the amount of the ferrite phase with time
or elevated temperature as ferrite reacts slower and is a less reactive
phase in comparison to other clinker phases [40,41], Most of the cal-
cium sulfoaluminate has already reacted in the first 24 h of hydration
with only less than 1 wt % remaining in the samples (Fig. 2a). More-
over, a significantly higher amount of non-reacted gypsum at 28 and 90
days of hydration was observed for the cement cured at 60 °C, which
could be due to a lower degree of hydration at elevated temperatures
(Fig. 2b and c). The amount of gypsum decreased continuously up to 28
days of hydration, after 28 days its amount was almost constant. Sur-
plus gypsum was present in the cement pastes at all temperatures due to
the high molar ratio of calcium sulfate to calcium sulfoaluminate be-
yond 4 [42]. Belite reacted only in lower amounts even at 90 days of
hydration due to the high consumption of water by calcium sulfoalu-
minate and the consequently insufficient amount for belite to hydrate

The hydrated phase identified in the samples, at ambient and ele-
vated temperatures, was ettringite. The results indicated that the
amount of ettringite increased with time as more hydrates precipitate
from the hydration of the anhydrous phases. During the 28 days of
hydration the amount of ettringite increased significantly at all tem-
peratures. However, it is evident that at 40 and 60 “C the increase of the
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Fig. 2. Amounts of anhydrous phases and hydration products remained at
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of ettringite after 28 days of hydration was almost negligible in
comparison to 20 ‘C when the amount of ettringite still increased,
suggesting a higher degree of hydration. Moreover, the amount of et-
tringite at 28 and 90 days of hydration was noticeably lower at 60 °C
(Fig. 2¢) than at 20 °C and 40 °C.

3.3. Differential thermal analysis/Thermogravimetric analysis

The results of the differential thermal analysis plotted in Fig. 4 are
in agreement with the X-ray powder diffraction results, but also re-
vealed the presence of some additional phases. The data indicated the
presence of ettringite, C-S-H, aluminium hydroxide and gypsum.

The first and largest endothermic peak around 120 °C was attributed
to ettringite and C-S-H [9,16,44]. Ettringite is formed with the hy-
dration of calcium sulfoaluminate with calcium sulfate source [1,10],
whereas C-S-H is formed with the hydration of belite [12,15,16]. As
these two peaks overlap it is difficult to quantify the amount of the
ettringite and C-S-H present in the samples. However, an increasing
weight loss in this area with time (from 11.7% at 1 day to 15.8% at 90
days, 11.6%-14.2% and 12.6%-14.1% for 20, 40 and 60 °C, respec-
tively) was observed, indicating the rising amount of ettringite and
C-S-H.

A peak at 150 °C corresponds to the decomposition of gypsum. The
differential thermal analysis and thermogravimetric analysis indicated
that the amount of gypsum slightly decreased after 1-90 days (from the
average 1.4% at 1 day to 1.1% at 90 days), since it is consumed in the
hydration process (Fig. 4a and b).

An endothermic peak at 250 °C could be assigned to aluminium
hydroxide [9,16,44], which was not detectable with X—ray powder
diffraction due to its amorphous character [42,45]. The amount of
aluminium hydroxide, that precipitates from the reaction of calcium
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Fig. 5. FE/SEM microphotographs of cement paste at ambient temperature at 1
day of hydration where due to slow hydration at early age anhydrous gel-like
clinker is observed.

Fig. 6. FE/SEM microphotographs of cement paste cured at 40 "C at 28 days of
hydration. Lower amount of clinker is present due to the formation of ettringite
ad C-S-H.

sulfoaluminate with gypsum and water, together with ettringite [1,10],
did not change significantly with time or elevated temperatures (Fig. 4¢
and d).

3.4. Field emission scanning electron microscopy

The influence of temperature on the development of the micro-
structure and the development of different phases was furthermore
studied using a field emission scanning electron microscope. The ana-
lyses revealed the presence of clinker relicts and non-reacted gypsum in
addition to the hydration products ettringite and C-S-H.

In general, the amount of clinker relicts decreased with time at all
curing temperatures, due to the formation of hydration products, which
is in accordance with the X-ray powder diffraction and thermal

Fig. 7. FE/SEM microphotographs of cement paste showing long prismatic et-
tringite crystals in samples cured at 20 “C temperature at 7 days of hydration.
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Fig. 8. FE/SEM microphotographs of cement paste cured at 60 "C at 7 days of
hydration with smaller and less abundant ettringite crystals.

analysis. At 1-day of hydration in the samples cured at 20 °C gel-like
clinker grains (Fig. 5) were observed, due to the slower hydration at an
early age with respect to higher temperatures where anhydrous gel-like
clinker was not observed due to accelerated hydration. Over 28 days
the amount of clinker decreased slowly, whereas at 28 and 90 days of
hydration its amount was significantly lower at all curing temperatures
(Fig. 6). Similarly, the amount of gypsum decreased with time as well as
the amount of clinker.

Ettringite as one of the hydration products was present in all the
samples, but its amount at 28 days of hydration was the most prominent
at 20 and 40 °C in comparison to 60 “C when its amount was the lowest.
The amount of ettringite increased with time as the hydration con-
tinued. Up to 28 days of hydration the amount of newly precipitated
ettringite increased quickly at all curing temperatures, while at 28 and
90 days the amount of ettringite did not change significantly, which
support the X-ray diffraction results. The length of ettringite crystals in
the samples at 20 °C after 1 day of hydration was on average up to 7 yum
and 2 pm wide (Fig. 7) and it increased with time. With higher tem-
peratures the size of the ettringite continued to become smaller, thus at
60 °C is on average 3 pm long and 1 pm wide (Fig. 8). These observa-
tions were also indicated by Lothenbach et al. [25], due to the faster
formation of ettringite at elevated temperatures, Furthermore, the re-
sults showed that the size of the ettringite was the smallest at 1 day of
hydration and increased with time. Ettringite crystals are prismatic
with a hexagonal cross-section (Fig. 8) that became better developed
with time.

In addition, by using the field emission scanning electron micro-
scopy C-5-H was identified. This phase precipitated from the hydration
of the belite phase and mainly covered the surface of the clinker relics
and gypsum, whereas ettringite crystals were covered to a lesser extent
(Figs. 7 and 8). The amount of C-5-H increased with time. However, at
1 and 7 days of hydration a lower amount of C-S-H was present,

Fig. 9. FE/SEM microphotographs of flake-like C-S-H in cement paste cured at
20 °C at 1 day of hydration.
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Fig. 10. FE/SEM microphotographs of honeycomb-like C-5-H in cement paste
cured at 60 "C at 28 day of hydration.

28

Compressive strength (N/mm?)

Curing time (days)

1

Fig. 11. Comp
temperatures.

strength d of cement pastes cured at different

whereas after 28 days it increased significantly and continuously up to
90 days of hydration at all curing temperatures. Its amount decreased
with elevated temperatures, especially at 60 °C after 28 and 90 days of
hydration. These observations are also in agreement with the previous
literature data, which indicated that due to accelerated hydration at
higher temperatures hydration dissolved ions do not have enough time
to dissolve before the formation of new hydration products, which lead
to denser and more polymerized C-S-H and higher porosity, and
therefore a decrease in compressive strength [19,20,25]. The results are
in accordance with the X-ray powder diffraction, therefore the amount
of unhydrated belite is higher in the samples cured at elevated tem-
peratures, where the amount of C-S-H, which precipitated with the
hydration of belite, is lower. The results showed that C-5-H is flake-like
(Fig. 9) but became more honeycomb-like (Fig. 10) at higher tem-
peratures and later ages. This is the most evident in samples cured at
60 °C after 28 and 90 days of hydration, where it can also be observed
that the fibres became longer and thicker as observed by Zhang et al.
[46].

3.5. Compressive strength

The effect of different temperatures on the compressive strength
evolution of the cement pastes can be seen in Fig. 11.

At the early ages of the hydration, the compressive strength gain
was significantly lower at 20 °C with respect to elevated temperatures.
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For instance, the 1-day compressive strength of the sample cured at
20 °C was much lower (1.6 N/mm?) with respect to the other two
samples where no evident difference was observed (18.3 N/mm? and
17.5 N/mm? for samples cured at 40 °C and 60 °C, respectively). The
results showed that temperature mainly affected early age strength
development, while at the 90 days of hydration the compressive
strength values for samples cured at 20 °C were close to the samples
cured at elevated temperature. These findings were also reported in
other studies [19,20,23], where due to accelerated hydration reactions
compressive strength increased with higher curing temperature. These
results are also in accordance with the results obtained by isothermal
calorimetry, where it can be seen that hydration is accelerated at ele-
vated temperatures. Furthermore at 1-day of hydration in the samples
cured at 20 °C, an anhydrous gel-like clinker was observed, due to the
slower hydration at an early age, which is confirmed with the com-
pressive strength results, The results also support the X-ray powder
diffraction data since the amount of ettringite increased with time as
well as compressive strength.

As seen from Fig. 11, the compressive strength of cement cured at
20 °C did not change significantly until 28 days, when it increased
sharply due to the hydration of the belite phase and the formation of
C-S-H. After 7 days of hydration the two samples hydrated at 40 and
60 °C show similar compressive strength development. While com-
pressive strength at 40 °C increased steadily with time, the strength
evolution after 28 days for samples cured at 60 °C decreased. Namely, at
90 days of hydration, the compressive strength of cement cured at 60 °C
was the lowest (19.5 N/mm?) in comparison to 20 and 40 °C (22.1 N/
mm? and 25.2 N/mm? for samples cured at 20 °C and 40 °C, respec-
tively). In accordance, while the lowest compressive strength at 90 days
of hydration and also the lowest amount of ettringite was indicated for
samples cured at 60 °C. According to previous studies this may be due
to higher porosity due to denser C-S-H and heterogeneous distribution
of hydration products in cement paste [19,21], or to the decomposition
of ettringite to metaettringite [33].

4. Conclusions

The influence of temperature on the hydration kinetics, formation of
phase assemblage, microstructure and compressive strength of belite-
calcium sulfoaluminate cement was studied at 20, 40 and 60 °C.

At higher temperatures, cement reacted earlier and released more
heat during hydration in comparison to ambient temperature. Also, the
compressive strength results showed that early strength was sig-
nificantly higher at elevated temperatures than at ambient temperature.
Furthermore, at 90 days of hydration, the compressive strength at 60 °C
decreased and was the lowest, which corresponds to the higher amount
of non-reacted gypsum and lower amount of precipitated ettringite at
90 days of hydration and suggests that at a higher temperature the
degree of hydration was lower. On the other hand, due to the faster
hydration of calcium sulfoaluminate at elevated temperatures the size
of the prismatic ettringite crystals was smaller at higher temperatures.
Besides ettringite, aluminium hydroxide was also formed with the hy-
dration of calcium sulfoaluminate and gypsum with water. The hy-
dration of belite yielded C-S-H, which covered the surface of other
phases. The amount of C-S-H decreased at higher temperatures due toa
lower degree of reaction at elevated temperatures. Furthermore, the
shape of G-S-H changed from flake-like to honeycomb-like with an
increase in temperature and time.
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Chapter 3

Quantitative in Situ X-ray Diffraction
Analysis of Early Hydration of Belite-
Calcium Sulfoaluminate Cement at

Various Defined Temperatures

This chapter is based on the published paper: M. Borstnar, C. L. Lengauer, S. Dolenec,
'"Quantitative in situ X-ray diffraction analysis of early hydration of belite-calcium
sulfoaluminate cement at various defined temperatures," Minerals, vol. 11, no. 3, pp. 1-
21, 2021 [85].

The early reactions of hydration are crucial, as they determine the initial and final
mechanical properties of concrete and their durability [39]. Additionally, a significant
amount of the heat generated during cement hydration occurs within the first 24 hours
[86]. The hydration is influenced by a variety of parameters, including amongst others,
the temperature and calcium sulfate source available, which affect the amount and type
of the phases precipitated during hydration [30], [86], [86]. Utilizing in-situ X-ray powder
diffraction analysis and Rietveld refinement allows us to determine the quantitative
phase composition of cement samples during the initial stages of hydration [87], [88].

This study assesses how temperature affects the phase composition of belite-calcium
sulfoaluminate cement pastes in the initial 24 hours of hydration. The phase composition
of cement clinker was 65 wt. % belite, 20 wt. % ye’elimite and 10 wt. % ferrite. Cement
pastes with differing calcium sulfate to ye’elimite molar ratios, namely M = 1 and M =
2.5 were compared. In-situ X-ray powder diffraction measurements and quantitative
Rietveld analysis were employed to investigate the formation of hydrates in order to
understand how the quantity of calcium sulfate influenced the formation of hydration
assemblage. The experiments were conducted at temperatures of 25 °C, 40 °C and 60 °C.

At 24 hours, the degree of hydration was highest at ambient temperatures, but at
elevated temperatures was accelerated in the first hours, particularly when increasing
from 25 °C to 40 °C, as opposed to from 40 °C to 60 °C. The quantity of ettringite that
precipitated was controlled by the amount of calcium sulfate added to the cement
clinker, with the amount increasing at a higher molar ratio. Additionally, the results
indicated that variations in temperature impacted the full width at half maximum of
ettringite peaks, detected as a reduction in the crystallite size of ettringite at higher
temperatures caused by faster precipitation. At elevated temperatures, higher d-values of
the ettringite peaks were observed when a calcium sulfate to ye’elimite molar ratio of 1
was employed, implying a greater release of ions from the cement clinker, which
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facilitated an increase in the incorporation of ions into the ettringite structure. These
differences were not shown when a 2.5 molar ratio was used, as amount of clinker in this
mixture was lower, the availability of substitute ions for incorporation into the ettringite
structure was reduced.

This chapter addresses the thesis objectives 1, 2 and 4.

The contribution of the doctoral candidate was writing the first draft of the
manuscript and conducting the experiment detailed in the manuscript, including
preparation of the materials (cement clinker and cement) and performing the
experimental part (X-ray powder diffraction and Rietveld refinement).
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Abstract: The influence of temperature on the early hydration of belite-calcium sulfoaluminate
cements with two different calcium sulfate to calcium sulfoaluminate molar ratios was investigat-
ed. The phase composition and phase assemblage development of cements prepared using molar
ratios of 1 and 2.5 were studied at 25, 40 and 60 °C by in situ X-ray powder diffraction. The Rietveld
refinement method was used for quantification. The degree of hydration after 24 h was highest at
ambient temperatures, but early hydration was significantly accelerated at elevated temperatures.
These differences were more noticeable when we increased the temperature from 25 °C to 40 °C,
than it was increased from 40 °C to 60 °C. The amount of calcium sulfate added controls the
amount of the precipitated ettringite, namely, the amount of ettringite increased in the cement with
a higher molar ratio. The results showed that temperature also affects full width at half maximum
of ettringite peaks, which indicates a decrease in crystallite size of ettringite at elevated tempera-
tures due to faster precipitation of ettringite. When using a calcium sulfate to calcium sulfoalumi-
nate molar ratio of 1, higher d-values of ettringite peaks were observed at elevated temperatures,
suggesting that more ions were released from the cement clinker at elevated temperatures, allow-
ing a higher ion uptake in the ettringite structure. At a molar ratio of 2.5, less clinker is available in
the cement, therefore these differences were not observed.

Keywords: in situ X-ray diffraction; hydration; temperature; cement; Rietveld analysis

1. Introduction

The trend towards sustainability and lowering the carbon footprint has led to the
development and production of new mineral binders. Within this context, iron-rich be-
lite-calcium sulfoaluminate, also known as sulfobelite cements [1-3] or be-
lite-ye’elimite-ferrite [4-6] cements, represent a low carbon and low energy alternative to
ordinary Portland cement. Up to 35 % less COz is released during the production of be-
lite-calcium sulfoaluminate cements compared to ordinary Portland cement. Further-
more, belite-calcium sulfoaluminate clinkers demand lower clinkering temperatures
(12501350 °C in comparison to around 1450 °C) and are easier to grind [7-9]. One of the
advances is also the replacement of a part of raw materials with industrial by-products
and waste [1,5,10-12].

Belite-calcium sulfoaluminate cement clinkers are usually described to contain
around 40-75 wt. % belite, 15-35 wt. % calcium sulfoaluminate, and 5-25 wt. % ferrite
[7,13]. They are typically prepared by adding varying amounts of calcium sulfate in or-
der to achieve the optimal compressive strength, setting time and volume stability [14-
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16]. The hydration of these cements depends on several factors, including the composi-
tion of the cement clinker, polymorphism of the clinker phases present, the presence of
minor phases, and the water-to-binder ratio, amongst others [4,9,17-21]. One of the major
factors affecting hydration is temperature, which influences hydration kinetics, phase
assemblage, and the rheological and mechanical properties of cement [18,22-24]. Differ-
ent weather conditions, and the amount of heat released during the hydration process,
may therefore have a significant impact on cementitious materials [25,26].

One of the main and important phases of belite-calcium sulfoaluminate cements,
which reacts at an early age, is calcium sulfoaluminate (CsAsS; hereafter cement notation
was used throughout the paper: C = Ca0, S =5i0z, A = ALOs, F = Fe203, S =503, N = N:20,
K = K20, T = TiOz, H = H20), the synthetic analogue of the sodalite-type mineral
ye'elimite, CaiAlo(SO:)On2. Calcium sulfoaluminate causes rapid strength development
and controls the evolution of early cement performance, setting, and hardening [5,18,27—
29]. The hydration of calcium sulfoaluminate, and the formation of hydration products,
strongly depend on the type and amount of calcium sulfate (anhydrite CS, gypsum CSH2
or bassanite CSHos) added [14,18,27]. When the molar ratio of calcium sulfate to calcium
sulfoaluminate is below 2 (M-value < 2), and until the added calcium sulfate is depleted,
the main crystalline hydration product formed is ettringite-type CsASsHz, which precip-
itates together with amorphous aluminum hydroxide (AHs) according to the reaction
shown in Equation (1) [14,20,27,30]:

C4A3S +2CSH,+ (38 — 2x)H 2 CsAS:sHn +2 AHs (x =0, 0.5, 2), 1

In case the molar ratio of calcium sulfate to calcium sulfoaluminate exceeds the
value of 2 (M-value > 2), besides ettringite, surplus calcium sulfate is also present [14,15].

In the absence of calcium sulfate, or when the calcium sulfate source is depleted, the
main hydration products formed are monosulfate (C:ASH12) and aluminum hydroxide
[14,27,28,30], according to Equation (2).

C4A3S +18H > C1ASH12 + 2AH;3, @)

The M-value is also used to designate the type of calcium sulfoaluminate cement,
where M < 1.5 classifies cements with rapid hardening and high strength, an M value
between 1.5 and 2.5 defines expansive cements, and M > 2.5 refers to self-stressing ce-
ments [15,31].

At an advanced hydration age, belite (C2S), the synthetic analogue of another im-
portant clinker phase, the mineral larnite (Ca25iQOs), starts to react. This primarily con-
tributes to the late compressive strength of the cement [16,18]. Belite, together with alu-
minum hydroxide and the addition of water, may yield either stratlingite-type C2ASHs
[30], according to Equation (3), or amorphous calcium silicate hydrate (C-S-H) and
portlandite-type CH after the depletion of aluminum hydroxide [30], according to reac-
tion Equation (4).

(S + AHs + 5H = (2ASHEs, 3)

C:25+nH > C-5-H + mCH, @)

Furthermore, katoite-type C3ASH1 can precipitate in the reaction of stritlingite with
portlandite [30], according to Equation (5):

C2ASHs+ CH = C:ASH;, (5)

Early hydration is an important period, which determines the fresh properties of
concrete and also its final mechanical properties and durability [18,32]. Moreover, most
of the hydration heat of cement, as determined by isothermal calorimetry, evolves within
the first 24 h of hydration [1]. The most prominent method to study phase composition
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and the development of phase assemblage in the hardening paste is powder X-ray dif-
fraction (PXRD) [29,32,33]. Through in situ analysis of PXRD patterns by Rietveld re-
finement [34], the quantitative phase composition of the cement samples during early
hydration reactions could be determined [12,33].

The early hydration reactions of belite-calcium sulfoaluminate cement pastes, with
different amounts and sources of added calcium sulfate, have already been studied by in
situ PXRD, but only at ambient temperatures [1,12]. The early reactions in these cement
pastes at ambient temperatures were also investigated by Bullerjahn et al. [5], who fo-
cused their study on the effect of boron during early hydration. Studies of the early age
hydration of calcium sulfoaluminate at ambient temperature were evaluated by Zajac et
al. [28] and Jansen et al. [27] At elevated temperatures (55 and 85 °C), the hydration in the
first 24 h was studied only on calcium sulfoaluminate cements, however, just a qualita-
tive phase analysis was performed. Despite the fact that the literature provides some
studies of early hydration reactions, a detailed study of early age hydration phases of
belite-calcium sulfoaluminate cements at different temperatures has not been presented
to date.

The aim of the present study was to characterize the influence of different temper-
atures on the phase composition of belite-calcium sulfoaluminate cement pastes during
the first 24 h of hydration, while comparing pastes of different calcium sulfate to calcium
sulfoaluminate molar ratios. To determine the hydration phase assemblage and investi-
gate the influence of the amount of calcium sulfate source on the formation of hydration
products, in situ PXRD measurements and quantitative analysis using the Rietveld
method were performed on cements with M-values of 1 and 2.5 at 25, 40 and 60 °C.

2. Materials and Methods

The targeted phase composition of the cement clinker used for the study was 65.0
wt. % belite (C25), 20.0 wt. % calcium sulfoaluminate (C:A3S) and 10.0 wt. % ferrite (CsAF)
[35]. In order to obtain the targeted phase composition, the raw materials (calculated to
Total = 95 wt. %) were proportioned using an adapted Bogue method [22]. The Bogue
calculation is only used to determine the phase composition of the main phases, while the
minor phases are neglected [36]. The clinker was synthesized from the following raw
materials: limestone (57.9 wt. %), flysch (sedimentary rock sequence consisting of layers
of calcareous breccia, calcareous sandstones and marls; 23.6 wt. %), bottom ash from a
coal thermal power plant (9.0 wt. %), calcined bauxite (5.3 wt. %), white titanogypsum
(4.0 wt. %) and mill scale (0.2 wt. %). The chemical composition of the raw meal used has
been described by Dolenec et al. [37], while the chemical composition of the raw materi-
als and the proportions were presented in the study by Borstnar et al. [24] The phase
composition of the clinker, obtained by Rietveld refinement, is given in Table 1, where
the amount of calcium sulfoaluminate is the sum of the orthorhombic and cubic poly-
morph, and the amount of belite is the sum of f-belite and y-belite.

Table 1. Calculated targeted and observed phase composition of the synthesized cement clinker as obtained by Rietveld
refinement in wt. %.

L Belite

L Calcium Sulfoaluminate  Ferrite  Mayenite Periclase Gehlenite Arcanite Aphthitalite

Targeted phase
composition
(wt. %)
Observed
phase composi-
tion
(wt. %)

65.0

657

20.0 10.0 - - - -

17.7 116 25 11 0.4 0.4 0.6

Raw materials were first ground and sieved through a 200 pm mesh and then ho-
mogenized. Each 200 g batch of proportioned raw materials was dispersed in 200 mL of
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isopropanol, mixed for 3 h in a ball mill (Capco Ball Mill 9VS, Capco Test Equipment,
Ipswich, IP1 5AP, UK), and then dried in a 40 °C oven for 24 h; 15 g of the raw meal was
subsequently pressed into pellets 30 mm wide and 13 mm high using an HPM 25/5 press
at 10.6 kN. The pellets were placed in a Protherm PLF 160/9 (Protherm Furnaces, Ankara,
Turkey) furnace and fired to 1250 °C at a heating rate of 10 °C/min. Following this, they
were held at the final temperature for 60 min and then cooled in the closed furnace for 20
h. The entire process was performed under oxidizing conditions.

Before blending the synthesized clinker with white titanogypsum (ground < 0.125
mm), the clinker was first hand-crushed using an agate mortar and ground to less than
0.125 mm using a vibratory disc mill (Siebtechnik TS. 250, Siebtechnik GmbH, Miilheim
an der Ruhr, Germany). Two cements were prepared with different proportions of white
titanogypsum, based on the M-value, which designates the molar ratio of calcium sulfate
(CaSOu) to calcium sulfoaluminate [14]. The cements were prepared by blending a
ground cement clinker with 5.6 and 12.9 wt. % titanogypsum, which is equivalent to M =
1 and 2.5, respectively. These M-values were chosen to compare the influence of the
amount of calcium sulfate on the formation of hydration products. At M =1, the reactions
defined in Equation (1) or (2) occur, whereas at M = 2.5 only the Equation (1) reaction
takes place and surplus gypsum remains present in the system [14]. Next, 200 g of cement
was ground for 5 h using the Capco ball mill. The Blaine specific surface area of the ce-
ments, determined according to standard test method EN 196-6 [38], was 5200 cm?/g and
5990 ecm?/g for M =1 and M= 2.5, respectively. The particle size distributions of the two
cements, which are shown in Figure 1, were determined using a laser particle analyzer
(Sync Microtrac MRB, dry operation, Microtrac MRB, Haan, Germany). The phase com-
positions of the unhydrated cements, as determined by the Rietveld method, are listed in
Table 2.

01 1 10 100 1000

Particle diameter (Lim)

Figure 1. Particle size distributions of prepared cement mixtures with two molar ratios (M).

Table 2. Phase composition of unhydrated cements with M =1 and M =25 in wt. % determined
with Rietveld method.

M=1 M=25
Calcium sulfoaluminate-orthorhombic 8.0 6.8
Calcium sulfoaluminate-cubic 10.7 10.3
L Calcium sulfoaluminate 18.7 17.1
Belite-beta 58.0 53.4
Belite-gamma 5.1 53
I Belite 63.1 58.7
Ferrite 9.1 8.5
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Periclase 0.9 0.8
Mayenite 14 11
Gehlenite 0.4 0.6
Arcanite 0.1 0.1
Aphthitalite 0.5 04
Gypsum 5.7 12.8

In situ PXRD measurements were performed to study the phase formation of the
cement pastes during the early age hydration process within the first 24 h.

The prepared cements were mixed with deionized water in a water to cement ratio
of 0.6 and manually stirred for 1 min. The mixture was then immediately cast in the
sample holder (14 mm diameter, 1 mm depth). Measurements were performed at 25, 40
and 60 °C, at a relative humidity of 95 + 2 %, using an Anton Paar XRK900 (Anton Paar
GmbH, Graz, Austria) reactor chamber without internal Be-shielding and an automated
z-alignment stage. The temperature-specific maximum relative humidity was established
by continuous flow (20 mL/min) of water saturated gas (N2) combined by heating the
XRK900 chamber together with an external heating/cooling device for avoiding vapor
condensation.

PXRD patterns of the cement pastes were obtained using a Bruker D8-Advance
theta-theta goniometer (Bruker, Massachusetts, ZDA), equipped with a LynxEye posi-
tion-sensitive detector. CuKa radiation was used at 40 kV and 40 mA, using a primary
Ni-filter, an automatic divergence slit (1 = 12 mm), and 2.3° primary and secondary soller
slits. Measurements were performed from 5 to 75 °20, at increments of 0.02 °20/min, with
an overall counting time of 20 min per scan. Under these conditions, 69 X-ray diffraction
patterns per sample were collected in repetition mode during the first 24 h of hydration.

The obtained PXRD patterns of cement pastes at different temperatures were ana-
lyzed using X'Pert High Score Plus diffraction software v. 4.9 from PANalytical (Malvern
Panalytical, Malvern, Worcestershire, United Kingdom), using PAN ICSD v. 3.4 powder
diffraction data database. For qualitative phase analyses the entries of ICDD PDF 4+ 2020
RDB powder diffraction files were used. The initial crystal structural models used for the
Rietveld refinements of the cementitious phases [39] were taken from Cuesta et al. [40,41]
for orthorhombic and cubic calcium sulfoaluminate, for the other identified phases en-
tries of the ICSD (Inorganic Crystal Structure Data) were applied, as listed in Table 3.
First, the overall zero error and phase scale factors were refined and the background was
fitted to a cosine Chebyshev function of 10 polynomial terms. Furthermore, the cell pa-
rameters and phase-specific Lorentzian functions (CS_L parameters) allowing for peak
shape broadening were included in the refinement. For the determination of X-ray
amorphous content, corundum (Al20s, NIST SRM 676a) was used as an external stand-
ard.

In order to determine the degree of hydration of clinker phases, the obtained phase
composition of cement clinker was normalized to paste content, taking into account the
amount of water added at time 0.0 h of hydration (w/c = 0.6). The degree of hydration of
selected phases (calcium sulfoaluminate and gypsum) was calculated by comparing the
amount of individual anhydrous phase remaining in the cement paste to the amount of
the normalized anhydrous phase in cement. To this end, also all the graphs are showing
direct results of Rietveld refinement. Moreover, on the graphs p-C25 and y-C:S is given as
L belite and calcium sulfoaluminate-orthorhombic and -cubic as T calcium sulfoalumi-
nate.
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Table 3. Phase designations and ICSD entries used for the Rietveld refinement.

Phase Cement Notation ICSD References
Calcium sulfoaluminate-orthorhombic CiAsS 237892 [40]
Calcium sulfoaluminate-cubic CiAS 194482 [41]
Belite-beta B-C28 81096 [42]
Belite-gamma v-C2S 81095 [42]
Ferrite CAF 98836 [43]
Gypsum CSH:2 409581 [44]
Periclase M 9863 [45]
Mayenite CizA7 261586 [46]
Gehlenite C2AS 158171 [47]
Arcanite K25 79777 [48]
Aphthitalite KiNS:2 26818 [49]
Ettringite CsSaHx 155395 [50]

In order to assess differences in the composition of ettringite, and the influence of
temperature on its composition and structure, d-values and full widths at half maximum
were studied. Ettringite was selected because it is the main hydrated phase in the early
hydration of belite calcium sulfoaluminate cements. The strongest lines of powder dif-
fraction pattern of ettringite with reference pattern 00-041-1451 [29,50] are at d-values of
9.720 A and 5.610 A, corresponding to Miller indices (hkl) of 100 and 110, respectively.
The d-value, or interplanar spacing between atoms in the crystal, and full widths at half
maximum (FHWM) of the (100) and (110) peaks of ettringite were collected and plotted at
20 min and every 100 min from the start of the hydration up to 24 h.

3. Results
3.1. Cement Hydration at 25 °C

Results of in situ X-ray diffraction analysis of the cement pastes at 25 °C with a molar
ratio of calcium sulfate to calcium sulfoaluminate 1 and 2.5 are shown in Figure 2. Figure
3 plots the degrees of hydration for calcium sulfoaluminate and gypsum, i.e., the main
constituents reacting during the first 24 h, as well as the increasing ettringite content as
their main hydration product. Figure 4 shows the evolution of the X-ray diffraction pat-
terns at selected hydration times of the two investigated mixtures at 25, 40 and 60 °C.
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Figure 2. Phase content in the cement pastes with M =1 and M = 2.5 cured at 25 °C during the first
24 h of hydration.

The clinker phases identified in the cement paste with a molar ratio of 1 (M = 1) were
belite, calcium sulfoaluminate, ferrite, gypsum, gehlenite, and periclase. The only prov-
able crystalline hydrate in the cement pastes was ettringite. In addition, amorphous
content was present. As seen from Figure 2, the early age hydration started immediately
after adding the defined amount of water to the unhydrated cement. Within the first 5 h
of hydration, therefore, calcium sulfoaluminate and gypsum were proportionally dis-
solved with a high degree of hydration (Figure 3). Within the first 5 h the amount of cal-
cium sulfoaluminate decreased rapidly from 11.7 wt. % to 4.6 wt. %, indicating that 61.5
% of the calcium sulfoaluminate reacted in 5 h. After that, it decreased only slightly, to 3.0
wt. %, and reached its final degree of hydration at 74.3 % (Figure 3), which indicates the
amount of calcium sulfoaluminate which reacted in the first 24 h of hydration. The gyp-
sum was completely depleted after 3 h. When the gypsum was consumed, the rate of
dissolution of calcium sulfoaluminate slowed, remaining at almost the same level, as did
the formation rate of ettringite. Simultaneously, the ettringite content increased during
the first 5 h to 12.3 wt. %, while later on it increased slightly, to 13.1 wt. %. With ongoing
hydration between 5 and 24 h, both the formation of ettringite and dissolution of calcium
sulfoaluminate were much reduced, with only small changes in their amounts being ob-
served. The amount of belite and ferrite did not significantly change within the first 24 h
of the hydration process. Additionally, the minor clinker phase gehlenite was consumed
after 20 min of hydration. The periclase content stayed almost constant throughout the
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hydration. Mayenite, arcanite and aphthitalite, which were all present in the unhydrated
cement, were not detected. Amorphous content increased with the hydration time from
40.0 wt. % to 43.8 wt. %.
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Figure 3. Degree of hydration of calcium sulfoaluminate and gypsum with ettringite content dur-
ing the first 24 h of hydration of the M =1 and M = 2.5 samples at 25 °C.

For the cement paste with a molar ratio of 2.5 (M = 2.5) the detected phases were be-
lite, calcium sulfoaluminate, ferrite, gypsum, gehlenite, periclase and ettringite, in addi-
tion to amorphous content. At 25 °C, gypsum was measurable during 24 h of hydration.
The results indicate a steady dissolution of calcium sulfoaluminate and gypsum, ac-
companied by the precipitation of ettringite as the major crystalline product. Over the
first 3.3 h of the hydration, calcium sulfoaluminate rapidly diminished, from 10.7 wt. %
to 5.7 wt. %. This was followed by a slow but continuous decline, until it reached a final
value of 1.6 wt. % after 24 h, corresponding to the degree of hydration of calcium sul-
foaluminate of 84.1 % (Figure 3). Accordingly, most of the gypsum reacted in the first 3.3
h of hydration from 8 wt. % to 4.7 wt. % and then only slowly decreased to 2.8 wt. % at 24
h. The degree of hydration of gypsum at 24 h was 65.0 %. The ettringite content con-
stantly increased during hydration, increasing significantly to 8.6 wt. % in the first 3.3 h,
then steadily increasing up to 13.5 wt. % at 24 h of hydration. Belite was observed in ap-
proximately the same amounts throughout the hydration, and the amounts of ferrite,
periclase and gehlenite also did not significantly change in the first 24 h of hydration.
Mayenite, arcanite and aphthitalite peaks, which were present in the unhydrated cement,
were not observed. Furthermore, the amorphous content increased from 40.5 wt. % to
43.3 wt. % during hydration.
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Figure 4. In situ X-ray powder diffraction patterns of the M = 1 and M = 2.5 samples at 25, 40 and 60 °C after 20 min, 11.6
and 23 h in a selected 26 CuKa range. A = belite, ¢ = calcium sulfoaluminate, + = ferrite, C = gypsum, * = periclase, ¥=
gehlenite, o = aphthitalite, ® = ettringite.

3.2. Cement Hydration at 40 °C

Results of in situ X-ray diffraction analysis of the cement pastes with molar ratios of
1 and 2.5 at 40 °C are shown in Figures 5 and 6. The evolution of the X-ray diffraction
patterns at selected hydration times is given in Figure 4.
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Figure 5. Phase content in the cement pastes with M = 1 and M = 2.5 cured at 40 °C during the first
24 h of hydration.

At a molar ratio of 1, the following phases were identified: belite, calcium sulfoalu-
minate, ferrite, gypsum, aphthitalite, gehlenite, periclase, and ettringite, as the only hy-
drated phase. In addition, amorphous content was present. After mixing with water the
amount of calcium sulfoaluminate and gypsum declined sharply within the first 1.6 h,
i.e, from 11.7 wt. % to 8.7 wt. % and from 3.6 wt. % to 1 wt. %, respectively. Accordingly,
36.7% of calcium sulfoaluminate and 71.9% of gypsum reacted during the first 1.6 h of
hydration (Figure 6). Between 1.6 and 24 h, their amount declined slower, with gypsum
remaining present in the amount of 0.4 wt. % after 24 h of hydration. After 24 h, the de-
gree of hydration of calcium sulfoaluminate was 50.4% (5.8 wt. %). The results show that
the main and only hydrate phase formed was ettringite, which increased to 6.5 wt. %
within the first 1.6 h and reached a final value of 7.8 wt. % after 24 h of hydration. The
contents of belite and ferrite exhibited no change over 24 h, which also held for the peri-
clase and gehlenite content. Mayenite, arcanite and aphthitalite were clearly depleted in
the first 20 min of hydration, while aphtitalite again appeared at 1.6 h with an amount of
1.6 wt. %, which then remained constant up to 24 h of hydration. Amorphous content
was almost constant during hydration, with values between 42.0 and 43.0 wt. %.
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Figure 6. Degree of hydration of calcium sulfoaluminate and gypsum with ettringite content dur-
ing the first 24 h hydration of the M =1 and M = 2.5 samples at 40 °C.

Phase composition analysis of the mixture with a molar ratio of 2.5 (M = 2.5) at 40 °C
showed that the phases present were belite, calcium sulfoaluminate, ferrite, gypsum,
gehlenite and periclase. The only hydrate identified in the cement pastes was ettringite.
Amorphous content was also present. The amounts of calcium sulfoaluminate and gyp-
sum diminished in the first 20 min of hydration, in concert with the formation of ettring-
ite. 2.5 wt. % of gypsum was consumed in the first 20 min, with calcium sulfoaluminate
decreasing from 10.7 wt. % to 8.1 wt. %, but subsequently their amounts decreased
slower. After 24 h the degree of hydration of calcium sulfoaluminate and gypsum was
approximately 34.5% and 30.0%, respectively (Figure 6). Ettringite precipitated to the
amount of 8.9 wt. % within the first 20 min of hydration, after which time it increased
only slightly to 9.9 wt. %. The results showed no change in the amount of belite and fer-
rite. The quantities of periclase and gehlenite did not change significantly after 20 min of
hydration. No mayenite, arcanite, and aphthitalite were detected. The amorphous con-
tent did not significantly change and it was around 43 wt. %.

3.3. Cement Hydration at 60 °C

Results of in situ X-ray diffraction analysis of the cement pastes at 60 °C with molar
ratios of 1 and 2.5 are shown in Figures 7 and 8. The evolution of the X-ray diffraction
patterns at selected hydration times is given in Figure 4.
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Figure 7. Phase content of clinker phases and hydrates in the cement pastes with M=1and M = 2.5
cured at 60 °C during first 24 h of hydration.

The phases observed in the cement paste with a molar ratio calcium sulfate to cal-
cium sulfoaluminate of 1 included belite, calcium sulfoaluminate, ferrite, gypsum, aph-
thitalite, gehlenite, and periclase as clinker phases, ettringite as a hydrated phase and
amorphous content (Figure 7). The results show that hydration started directly after
mixing the cement with water, by exhibiting a high degree of hydration of calcium sul-
foaluminate and gypsum within the first 20 min. This caused the formation of ettringite,
the only hydrate phase detected (Figure 8). After 20 min the amount of calcium sul-
foaluminate decreased slightly, from 11.7 wt. % to 8.5 wt. %, when it converged to an
almost constant value with a slow decrease with time. The results show that 27.3 wt. % of
the calcium sulfoaluminate reacted in 20 min. Furthermore, at 60 °C all of the gypsum
was dissolved to 1.3 wt. % within 20 min of the start of the reaction and reached a final
degree of reaction after 23 h at 77.5 %. At the same time, ettringite rapidly increased to 5.6
wt. %, and then continuously increased to a maximum of 7.1 wt. % after 24 h. The belite
and ferrite content did not significantly change at an early age. Periclase and gehlenite
content remained almost constant throughout the hydration. Mayenite and arcanite were
not detected after the hydration proceeded. Aphthitalite content increased from 0.5 wt. %
to 4.6 wt. % in the first 20 min and stayed constant up to 24 h. Around 42 wt. % amor-
phous content was present during the hydration.
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Figure 8. Degree of hydration of calcium sulfoaluminate and gypsum with ettringite content dur-
ing first 24 h of hydration of the M =1 and M = 2.5 samples at 60 °C.

At a molar ratio of 2.5, the following phases were identified: belite, calcium sul-
foaluminate, ferrite, gypsum, gehlenite, periclase, and ettringite, in addition to amor-
phous content. Most of the calcium sulfoaluminate and gypsum were dissolved in the
first 20 min of hydration, with the calcium sulfoaluminate content reducing from 10.7 wt.
% to 8.5 wt. %, and the gypsum decreasing from 8.0 wt. % to 4.7 wt. %. The degree of
hydration of calcium sulfoaluminate was 38.2% at 24 h, while the degree of hydration of
gypsum was 43.8% (Figure 8). 8.6 wt. % of ettringite precipitated in 20 min hours, con-
secutively its content did not change significantly. After 24 h, 9.2 wt. % of ettringite was
measured. The clinker phases belite, ferrite, periclase, and gehlenite did not show any
significant change after 20 min of hydration, while mayenite, arcanite, and aphthitalite
were not detected. The amorphous content was almost constant during hydration,
maintaining levels of around 43.5 wt. %.

3.4. Ettringite during Cement Hydration

Figure 9 plots the full width at half maximum (FWHM) of (100) and (110) peaks of
ettringite, while Figure 10 shows the d-values of (100) and (110) peaks of ettringite, both
as a function of time.

The results of the mixture with a molar ratio of 1 at 25 °C showed that the FWHMs of
(100) and (110) peaks of ettringite increased up to 10 h of hydration. After 13.3 h, how-
ever, the values decreased then remained almost constant up to 24 h of hydration. At 40
°C, the FWHM was roughly constant up to 10 h, at which point it showed a slight in-
crease and then stayed constant up to 24 h. At 60 °C, an increase in the FWHM was ob-
served up to 10 h of hydration, followed by a decrease. The results show that FWHMs
values were the lowest at a temperature of 25 °C.
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Figure 9. Full width at half maximum (FWHM) of (100) and (110) peaks of ettringite during first 24
h of hydration.

At a molar ratio of 2.5 at 25 °C, results showed that FWHMs of (100) and (110) peaks
of ettringite were roughly constant until 6.6 h, after which point they increased signifi-
cantly until 10 h but then started to decrease. Between 10 and 22 h of hydration the
FWHM was almost constant, until 23 h, when it significantly decreased. At40 °C FWHMs
of (100) and (110) peaks of ettringite were the highest at 20 min of hydration. The values
then decreased until 6.6 h, after which time the values did not significantly change up to
24 h of hydration. At 60 °C, the FWHMs of (100) and (110) peaks of ettringite were
roughly constant throughout the entire hydration period. The results show that FWHMs
were the lowest at 25 °C.

The d-values of (100) and (110) peaks of ettringite at a molar ratio of 1 (M = 1) were
almost constant at 25 °C, with slightly lower values at 20 min of hydration. At 40 °C, the
d-values of (100) and (110) peak of ettringite did not change significantly in the first 24 h
of hydration. At 60 °C, the d-values of (100) and (110) peaks of ettringite remained con-
stant up to 20 h of hydration, at which point the values decreased. D-values were lowest
at ambient temperatures, and highest at 40 °C.

The results of the mixture with a molar ratio of 2.5 (M = 2.5) show that at 25, 40 and
60 °C the d-values of (100) and (110) peaks of ettringite did not change significantly with
time and temperature.
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Figure 10. D-values of (100) and (110) peaks of ettringite during first 24 h of hydration.

4. Discussion

During the first 24 h, belite calcium sulfoaluminate cement pastes with different
molar ratio of calcium sulfate to calcium sulfoaluminate mainly consisted of belite and
calcium sulfoaluminate with ferrite and gypsum. At an early age the calcium sulfoalu-
minate reacted with gypsum and water to form ettringite, according to Equation (1).

At 25, 40 and 60 °C, the main and only detected hydrate phase formed in both ce-
ment pastes (calcium sulfate to calcium sulfoaluminate molar ratios of 1 and 2.5) was
ettringite. The results show that the hydration started immediately after adding the de-
fined amount of water to the unhydrated cement with the dissolution of calcium sul-
foaluminate and gypsum and the formation of ettringite. Aluminum hydroxidc, which,
according to Equation (1), precipitates with ettringite, was not detected by PXRD in either
mixture, which relates to its amorphous character at an early age [5,15,51]. The amor-
phous content in the mixtures was attributed mainly to the residual water, and to a lesser
extent to noncrystalline phases [39,52], in this case aluminum hydroxide, which is formed
at an earlier stage. C-S-H precipitates later, with the hydration of belite [7,18]. Amor-
phous content increased at ambient temperatures with hydration time for both molar ra-
tios; however, at elevated temperatures, it remained constant during hydration. This is
due to the slower formation of ettringite at an ambient temperature, and consequently
aluminum hydroxide formed with it, leading to a continuous increase in amorphous
content. At elevated temperatures, ettringite precipitated very fast at the beginning of the
hydration and only slowly increased after, therefore the amount of amorphous content
did not change significantly. Furthermore, monosulfate, which was predicted according
to Equation (2), was not detected during the first 24 h of hydration, which was due to
poor crystallinity or small crystalline size [15,20,30], and which would have contributed
to the amorphous content measured [53]. The amount of belite did not change signifi-
cantly in the first 24 h of hydration, because belite exhibits low reactivity at early ages
and reacts at a later hydration time [54]. Due to its low and slow solubility, ferrite content
did not decrease with hydration time [55]. Moreover, the minor phase mayenite, which is
known to rapidly dissolve and increases the aluminum and calcium ion concentration
[56], accordingly was depleted within the first 20 min of hydration. Mayenite can accel-
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erate early hydration by reacting with water and gypsum and therefore accelerate the
formation of ettringite [56]. Due to their low reactivity, periclase and gehlenite are con-
sidered inert in these types of cements [57], therefore their amounts did not change dur-
ing hydration. After the start of hydration, the minor clinker phase arcanite was not de-
tected in the cement pastes, because it is a rapid soluble alkali sulfate phase [36,58] that
was already depleted. Aphthitalite, however, which is also a rapid soluble phase [36],
was depleted after 20 min of hydration at 25 °C. On the other hand, during hydration at
40 °C and 60 °C, it precipitated in M = 1 sample. At 40 °C it precipitated after 1.6 h, while
at 60 °C it was detected already at 20 min of hydration. Moreover, a much higher amount
of aphthitalite precipitated at 60 °C compared to at 40 °C, indicating that with increasing
temperature above ambient, the formation of aphthitalite is increased due to a higher
release of alkalis from the clinker phases. Apart from alkali sulfates present in the clink-
ers, the alkalis, which are incorporated in the main clinker phases, mainly in calcium
sulfoaluminate [37], could be released through the dissolution of these phases [37,59] as
well, reacting with sulfate from the gypsum, and form the alkali sulfate phase aphthita-
lite. Namely, another alkali sulfate phase thenardite (Na2504) was found forming in cal-
cium sulfoaluminate cements at high alkalinity, explained as a product of excess alkalis
initially reacting with anhydrite, which retards calcium sulfoaluminate hydration and
ettringite formation [60]. This mechanism could also explain the lower amount of pre-
cipitated ettringite in samples at M = 1 in comparison to M = 2.5 at 40 and 60 °C. Fur-
thermore, aphthitalite was detected only at a lower molar ratio of M = 1, probably due to
a higher proportion of clinker and a consequently larger amount of alkalis introduced
into the hydrating system in addition to lower gypsum content. Moreover, aphthitalite
was present only at the two elevated temperatures, as crystallization is highly tempera-
ture-dependent [61].

At ambient temperatures, more calcium sulfoaluminate reacted in the cement pastes
with a higher molar ratio of calcium sulfate to calcium sulfoaluminate, indicating that
calcium sulfate accelerates the dissolution of calcium sulfoaluminate [14]. However, at
elevated temperatures, less calcium sulfoaluminate was consumed in the samples with a
higher molar ratio of calcium sulfate to calcium sulfoaluminate. Furthermore, at a molar
ratio of M = 1, gypsum had a higher degree of reaction, meaning a higher amount of
gypsum was dissolved in comparison to samples with a molar ratio of 2.5. Moreover, the
results showed that, at ambient temperatures, the hydration of calcium sulfoaluminate is
more rapid in a mixture with higher calcium sulfate content, which is also in accordance
with data from the literature [6,55]. The rate of hydration could also influence the fact
that cement with M = 2.5 had a slightly higher specific surface area in comparison cement
with M =1, which could also enhance the reactivity of cement [10]. Nevertheless, both
cements have similar particle size distribution (Figure 1). In addition, at all temperatures,
the amount of ettringite precipitated after 24 h was higher in the mixtures with a greater
amount of calcium sulfate. It has already been reported that more ettringite is formed
when the addition of gypsum is higher [9]. However, the ettringite precipitation rate at a
lower molar ratio was slower at the beginning, in comparison to higher molar ratios,
where the precipitation rate was very fast and more constant over the first 24 h of hy-
dration.

Comparing the results at different temperatures, it can be seen that hydration was
accelerated at elevated temperatures in comparison to ambient temperatures, for both
molar ratios of calcium sulfate to calcium sulfoaluminate of 1 and 2.5. At 25 °C most of
the calcium sulfoaluminate and gypsum reacted in the first 3 h of hydration, while at 40
and 60 °C these reactions occurred in the first 1.6 h and 20 min, respectively. This is in line
with the previous study investigating hydration of belite-calcium sulfoaluminate ce-
ments [24], where isothermal calorimetry results showed the main exothermic peak of
cement paste cured at 20 °C right after 3 h of hydration and after 75 and 30 min at 40 and
60 °C, respectively. Accelerated hydration at an elevated temperature has also been ob-
served by other researchers, not only in calcium sulfoaluminate cements, but also in
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Portland cement, calcium aluminate cements and blended cements [18,62-64]. On the
other hand, the degree of hydration was much lower at elevated temperatures in com-
parison to ambient temperature, with less calcium sulfoaluminate and gypsum con-
sumed and, consequently, a lower precipitation of ettringite. A decrease in the amount of
ettringite at elevated temperatures was also observed by Lothenbach et al. [65], due to
less time for the diffusion of dissolved ions and precipitation of hydration products [65—
67]. However, the degree of reaction of calcium sulfoaluminate was comparable at 40 °C
and 60 °C, and the amount of ettringite was also almost the same. Only at 25 °C in the
cement paste with a molar ratio of calcium sulfate to calcium sulfoaluminate of 1 gypsum
was completely depleted after 3 h of hydration.

According to Scherrer’s Equation [68], which can be used for the determination of
the particle sizes, the FWHM is inversely proportional to crystallite size [68], meaning the
broader the peak (i.e, the higher the FWHM), the smaller the crystallite size. The FWHMs
of (100) and (110) peak of ettringite at a molar ratio of calcium sulfate to calcium sul-
foaluminate of 1 were lowest at 25 °C, indicating that crystallite size decreased at ele-
vated temperatures in comparison to ambient temperature due to faster formation of
ettringite at increased temperatures, which was already indicated in previous literature
data by microscopical observations [24,65]. Crystallite sizes were, however, higher at 40
°C compared to 60 °C. Differences in the FWHMs between the molar ratio of calcium
sulfate to calcium sulfoaluminate 1 and 2.5 were not significant, indicating crystallite
sizes did not vary with a different gypsum amount.

The structure of ettringite is open and flexible, and thus allows other atoms to be
incorporated into the structure [69], resulting in variable d-values. Ettringite has the ca-
pability to substitute Ca2, AI¥*, SO sites with other anions or cations, such as Sr2, Ba%,
or Pb? for the Ca? site, Cr¥, Si*, or Fe¥ for the Al* site, and CQs*, Cl, or OH- for the
SO42 site and also other ions [70,71], which have different ionic radii and can cause a
change in the d-spacings of the ettringite, e.g,, larger ionic radii of the substitute ions in-
crease the cell parameters [72]. The d-spacings of (100) and (110) peaks of ettringite at a
molar ratio of calcium sulfate to calcium sulfoaluminate of 1 and 2.5 at each temperature
during hydration only slightly changed. There was, however, a significant difference
when comparing values at 25, 40 and 60 °C at a molar ratio of calcium sulfate to calcium
sulfoaluminate of 1, for which the results showed that d-spacings are lowest at 25 °C, and
increased at an elevated temperature. D-values were, however, higher at 40 °C compared
to 60 °C. It is therefore evident that the d-spacing changes with temperature, suggesting
the incorporation of ions with larger ion radii or a higher ion intake for ettringite at ele-
vated temperatures, as more ions are released from the main clinker phases. However, at
a molar ratio of calcium sulfate to calcium sulfoaluminate of 2.5 these differences in
temperature were almost negligible, probably due to the lower clinker proportion at this
molar ratio, and less potential substitution ions available to incorporate into the ettringite
structure. On the other hand, comparing the results at different molar ratios of calcium
sulfate to calcium sulfoaluminate, it is evident that the d-values of (100) and (110) peaks
of ettringite were greater when the molar ratio was 2.5.

5. Conclusions

The influence of different temperatures on the phase composition of belite-calcium
sulfoaluminate cement pastes with M-values of 1 and 2.5 during the first 24 h of hydra-
tion was studied at 25, 40 and 60 °C.

The amount of gypsum and calcium sulfoaluminate decreased with time at all cur-
ing temperatures, due to the formation of ettringite. More calcium sulfoaluminate and
gypsum were consumed, and, consequently, the amount of ettringite was higher in the
samples cured at 25 °C in comparison to those cured at elevated temperatures at both
molar ratios (M =1 and 2.5). Increasing the temperature from 40 °C to 60 °C also affects
the formation of ettringite and the hydration degree of clinker phases; however not that
significantly as in comparison to ambient temperature. At ambient temperatures less
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calcium sulfoaluminate reacted in the samples with a lower calcium sulfate to calcium
sulfoaluminate molar ratio, while at elevated temperatures the degree of hydration of
calcium sulfoaluminate was higher at a lower calcium sulfate to calcium sulfoaluminate
molar ratio. Moreover, at 25 °C, in the samples with a calcium sulfate to calcium sul-
foaluminate molar ratio of 1, the gypsum was completely consumed by the reaction with
calcium sulfoaluminate to form ettringite, while it remained present in all other mixtures.

Furthermore, hydration was accelerated at elevated temperatures in comparison to
an ambient temperature, as a higher degree of hydration of calcium sulfoaluminate was
observed at the beginning of the hydration, and more ettringite was formed.

Full width at half maximum of ettringite peaks increased at elevated temperatures at
a molar ratio of calcium sulfate to calcium sulfoaluminate 1 and 2.5, indicating a decrease
in crystallite size at elevated temperatures, due to a higher degree of hydration and faster
precipitation of ettringite. However, different gypsum amounts (M-value) did not affect
crystallite sizes of ettringite.

At a molar ratio of calcium sulfate to calcium sulfoaluminate 1, the d-values of
ettringite peaks increased at elevated temperatures, suggesting a higher ion uptake in the
ettringite structure as more ions were released from the cement clinker. At a molar ratio
of 2.5, however, there is no significant difference in the d-values, due to a higher addition
of gypsum, the cement mixture contains less clinker is in and consequently less substitute
ions are available to incorporate into the ettringite.
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Chapter 4

The Influence of Calcium Sulfate
Content on the Hydration of Belite-

Calcium Sulfoaluminate Cements
with Different Clinker Phase

Compositions

This chapter is based on the published paper: M. Mrak, F. Winnefeld, B. Lothenbach, S.
Dolenec, "The influence of calcium sulfate content on the hydration of belite-calcium
sulfoaluminate cements with different clinker phase compositions," Materials and
Structures, vol. 45, no. 6, pp. 17, 2021 [89].

Belite-calcium sulfoaluminate cement clinkers primarily consist of belite, calcium
sulfoaluminate and ferrite [20], [33]. Belite-calcium sulfoaluminate cements are then
prepared by mixing the clinker with a source of calcium sulfate, such as gypsum,
anhydrite, and/or basanite [23], [30]. Calcium sulfate acts as a setting regulator, and its
incorporation is essential to attain the compressive strength desired and to ensure
dimensional stability [56], [59]. Moreover, the specific type and quantity of calcium
sulfate used can influence the hydration and the amount of water needed for complete
hydration to occur [20], [48], [56].

The study examines how the addition of varying amounts of calcium sulfate to the
cement clinker influences the hydration of two different belite-calcium sulfoaluminate
cements with different phase compositions. Calcium sulfate to ye’elimite molar ratios (M
value) of 1, 1.5, and 2 were used, while the phase compositions were 65 wt. % belite, 20
wt. % ye’elimite and 10 wt. % ferrite for the CBCSA-B mixture and 50 wt. % belite, 35
wt. % ye’elimite and 10 wt. % ferrite for the CBCSA-Y mixture. X-ray powder
diffraction with Rietveld refinement and thermogravimetric analysis were utilized to
assess the phase compositions at 1, 7, 28, and 150 days of hydration. The heat of
hydration was determined using isothermal calorimetry and the compressive strength of
the mortars was determined. The evolution of hydrates was also predicted using the
geochemical modelling code GEMS. Porosity was calculated and correlated to the
compressive strength.

The results showed that increasing the gypsum content, significantly influenced the
hydration kinetics and phase composition of the cement mixes during hydration. Cements
react slower when more gypsum is added (as indicated by higher M-values). The gypsum
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content controls the amounts of ettringite and monosulfate formed: as the M-ratio
increases, more ettringite forms, while less monosulfate is observed. This led to a decrease
in the amount of pore solution, as the more water-rich ettringite formed and furthermore,
the dissolution kinetics of belite and ferrite decreased. Compared to belite-rich mixture, a
higher compressive strength was observed in the ye’elimite-rich mixture, due to greater
ettringite content filling the space. Conversely, a higher belite content in the clinker
resulted in greater amounts of C-S-H (at the expense of stratlingite) and a reduction in
compressive strength. This is because (a) the reaction degree of belite is lower than that
of ye’elimite and (b) more C-S-H and stratlingite precipitated than the space-filling
ettringite, compared to ye’elimite-rich mixture. The thermodynamic model is consistent
with the experimental data collected. A direct correlation was observed between the
compressive strength and the amount of bound water determined from thermogravimetric
analyses, while there was an inverse correlation with porosity calculated through
thermodynamic modelling.

This chapter addresses the thesis objectives 4 and 5.

The contribution of the doctoral candidate was writing the first draft of the
manuscript and conducting the experiment detailed in the manuscript, including
preparation of the materials (cement clinker and cement) and performing the
experimental part (thermogravimetric analysis, X-ray powder diffraction, Rietveld
refinement, isothermal calorimetry, compressive strength measurements) and by
performing thermodynamic modelling.
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Abstract The influence of different amounts of
gypsum on the hydration of a belite-rich and a
ye’elimite-rich belite-calcium sulfoaluminate clinker
(BCSA) was investigated. The hydration kinetics,
phase assemblages and compressive strength devel-
opment of cements prepared using ye’elimite/ calcium
sulfate molar ratios of 1, 1.5 and 2 were studied.
Besides ettringite and monosulfate, aluminium
hydroxide, striitlingite, C—S—H, iron-containing silic-
eous hydrogarnet and hydrotalcite were present as
hydration products. Increasing the amount of gypsum
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increased the ratio of ettringite to monosulfate formed
in the cement paste, lowered the amount of pore
solution, delayed the dissolution of belite and ferrite,
decreased the formation of striitlingite and, in the case
of the ye’elimite-rich BCSA, led to an increase in
compressive strength. Increased amounts of belite in
the clinker led to the formation of higher quantities of
C-S-H, at the expense of striitlingite and a lower
compressive strength, as belite has a lower degree of
reaction than ye’elimite and due to the formation of
more C-S-H and striitlingite compared to the more
space-filling ettringite. The thermodynamic model
established for BCSA cement hydration agrees well
with the experimental data. Compressive strength
directly correlated with bound water from thermo-
gravimetric analyses and inversely correlated with the
porosity calculated from thermodynamic modelling.

Keywords Belite-calcium sulfoaluminate cement -
Gypsum - Hydration - Thermodynamic modelling

1 Introduction

Cement manufacturing is one of the most important
industries. After water, the most used material in the
world is concrete, which is mainly based on Portland
cement, aggregates and water. During the production
of Portland cement high emissions of CO, are released
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into the atmosphere, and a high amount of energy is
consumed [1, 2]. To reduce the environmental impact
related to cement production, alternative binders, such
as belite-calcium sulfoaluminate (BCSA) cements,
have been developed. BCSA cements are considered
low CO; and eco-friendly building materials, not only
reducing emissions by up to 30% compared to
Portland cement, but also lowering energy consump-
tion [3-5]. Furthermore, substantial amounts of
industrial wastes can be used to prepare BCSA
cements, allowing natural raw materials to be pre-
served. As indicated by their name, belite-calcium
sulfoaluminate cement clinkers contain belite (Cas_
Si0, or C5S) and calcium sulfoaluminate (Cay(AlO;)q.
SO; or C;A3S) as the main phases, together with
ferrite (Ca(AlFe)»0Os or C4AF) and other minor
phases [6, 7].

Belite-calcium sulfoaluminate cements are pre-
pared by blending the clinker with a calcium sulfate
source in the form of gypsum (CSH,), anhydrite
(CaSO, or CS) and/ or bassanite (CSHys) [8-12].
Calcium sulfate works as a set regulator, an its
addition is used to achieve optimum compressive
strength and dimensional stability [12-16]. Further-
more, the type and amount of calcium sulfate can also
modify the hydration processes and the water required
to achieve full hydration [6, 10, 11, 15, 17, 18].

During early hydration, ye'elimite rapidly reacts
with calcium sulfate and water, which leads to the
formation of ettringite (C¢AS;Hsy) as the main
crystalline hydration product and amorphous or poorly

crystalline aluminium hydroxide (AH;)
[3, 6, 8, 10, 19, 20], according to Eq. 1:
C4A;S + 2CSH,+(38 — 2x)H

— CsAS3H3a + 2AH;(x=0,0.5, 2) (1)

Ettringite precipitates when the molar ratio of
calcium sulfate to ye'elimite (M-value) is below 2
(M < 2), until the added calcium sulfate is depleted
[11, 15,21, 22]. If the molar ratio of calcium sulfate to
ye'elimite (the so-called “M-value™) is more than 2
(M > 2) a surplus of calcium sulfate is still present
after hydration has been completed [15, 16]. An M-
value below 1.5 is typical for CSA cements with rapid
setting and hardening properties, while values
between 1.5 and 2.5 are used for expansive cements
[16, 23, 24].

=

Once the calcium sulfate source has been consumed
and sufficient water is still available, monosulfate
(C4ASH,,) precipitates, again together with alu-
minium hydroxide [6, 11, 15, 21, 25, 26], according
to Eq. 2:

CsAsS + 18H — C4ASH + 2AH, (2)

Furthermore, the hydration of belite in the presence
of aluminium hydroxide, which has already precipi-
tated, leads to the formation of striitlingite (C;ASHg)
[6, 21, 27], according to Eq. 3:

C;S + AH; + 5H — C;ASHg (3)

In the absence of aluminium hydroxide, calcium
silicate hydrates (C-S-H), and portlandite (CH)
precipitates (6, 8, 21, 28], according to Eq. 4:

0,8 +nH—C—S—H + mCH (4)

[ron-containing siliceous hydrogarnet can be
formed by the hydration of ferrite [6] in the presence
of striitlingite, according to Eq. 5:

C,ASH; + C,AF + SH — 2 C3(A,F)SH, + AH;
(5)

After depletion of gypsum, ferrite hydration may
also lead to an increase of monosulfate and to a
decrease of gypsum according to Eq. 6.; the port-
landite formed will participate in further reactions e.g.
with aluminium hydroxide to form AFm phases, and
iron hydroxide may be incorporated in iron-containing
siliceous hydrogarnet.

C4AF + C¢AS;Hyp + 12 H
— 3 C4ASH;; + 2 FH; + 2CH (6)

While the influence of the source and amount of
calcium sulfate on hydration has been widely studied
in ye’elimite-rich calcium sulfoaluminate cements
[10, 14-16, 29-31], only a limited number of studies
have focused on belite-calcium sulfoaluminate
cements, in which belite is the most abundant phase
in the system. Chen & Juenger [8] investigated
clinkers with a differing content of belite and
ye'elimite with calcium sulfate added to a varying
degree, although belite was the predominant phase
(60 wt.%) in only one clinker sample. Even though,
isothermal calorimetry was the only method used to
investigate the hydration of these cements, the study
revealed that the phase composition of clinker and the
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amount of calcium sulfate significantly affects the
hydration kinetics; no data on phase composition and
compressive strength is however available. Sulfate-
rich belite-calcium sulfoaluminate cements with dif-
ferent phase compositions were studied by Shen et al.
[17], showing the significant effect of phase compo-
sition on compressive strength and hydrate assem-
blage. The influence of different anhydrite contents on
compressive strength, hydration kinetics and phase
assemblage in a belite-calcium sulfoaluminate cement
was studied by Morin et al. [27]. No systematic
influence of anhydrite quantity on compressive
strength was found by the authors, while increasing
the quantity of anhydrite retarded the dissolution of the
o’-dicalcium silicate and ferrite phase present in the
clinker. These results were confirmed by Zajac et al.
[32], who observed that gypsum accelerated early
hydration, while retarding late hydration. Furthermore
the authors presented a micromechanical model to
predict compressive strength.

Nevertheless, the data available regarding the
impact of the quantities of calcium sulfate and
belite/ye’elimite ratio of cement on the hydration
kinetics and strength development of belite-calcium
sulfoaluminate cements remains rather limited. In
order to tackle the current research gaps, and improve
understanding of the hydration processes of belite-
calcium sulfoaluminate cements, a more systematic
study is needed i.e. it is necessary to assess the
influence of different amounts of gypsum and belite/
ye’elimite ratio of cement on the hydration of different
belite-ye’elimite-ferrite systems, where hydration
kinetics and the formation of hydration products are
linked to the development of compressive strength and
porosity.

The aim of this study is therefore to investigate the
effect of the amount of calcium sulfate on the
hydration of synthesized belite-calcium sulfoalumi-
nate clinkers with two different phase compositions,
using M-values of 1, 1.5 and 2. The phase assemblages
at 1, 7, 28 and 150 days of hydration are studied by
X-ray powder diffraction with Rietveld refinement and
thermogravimetric analysis. Furthermore, hydration
kinetics is investigated by isothermal calorimetry, and
the compressive strength evolution is determined
using mortar samples. In addition, a thermodynamic
model is established applying the geochemical mod-
elling code GEMS together with the cement-specific
database CEMDATAI18 in order to predict the

evolution of the hydrate phases and to link compres-
sive strength based on the calculated porosities.

2 Materials and methods
2.1 Materials

Six cements were prepared and investigated using
either a belite-rich (CBCSA-B) or a ye’elimite-rich
belite-calcium sulfoaluminate clinker (CBCSA-Y),
and three different quantities of gypsum (M =1, 1.5
and 2).

The targeted phase composition for the synthesized
belite-rich clinker CBCSA-B was 65 wt.% belite
(C58), 20 wt.% ye’elimite (C4A5S) and 10 wt.%
ferrite (C4AF), compared to 50 wt.% belite (C,S),
35 wt.% ye'elimite (C4AzS) and 10 wt.% ferrite
(C4AF) for the ye’elimite-rich CBCSA-Y. The inves-
tigated belite and calcium sulfoaluminate contents
were chosen with respect to the compositions of BYF
clinkers suggested by Morin et al. [33] (BCSA-B has
maximum and BCSA-Y minimum belite content
regarding their suggestion). Both clinkers were pro-
duced by firing appropriate mixtures of limestone, fly
ash, bottom ash, calcined bauxite, titanogypsum and
mill scale in a Protherm furnace PLF 160/9 at 1250 °C
at a heating rate of 10 K/min, with a holding time of
60 min at the final temperature followed by slow
cooling in the closed furnace. The synthesis of cement
clinkers is described in detail in Bor§tnar et al. [34].
Natural gypsum was used as the source of calcium
sulfate.

X-ray fluorescence analyses of the clinkers and
gypsum were conducted according to EN 196-2
(Table 1), while phase compositions were derived
from quantitative X-ray diffraction (Table 2). The
actual phase compositions of the clinkers are close to
the targeted ones. Besides ye’elimite, belite and
ferrite, around 5 wt. % of minor phases (mayenite,
periclase, gehlenite, y-dicalcium silicate, perovskite,
aphthitalite, arcanite) are present.

The synthesized clinkers were first ground below
0.125 mm in a vibratory disc mill (SIEBTECHNIK
Labor Scheibenschwingmiihle TS. 250) and after-
wards using a ball mill (CAPCO Test Equipment Ball
Mill Model 9VS). The Blaine specific surface areas of
the cement clinkers, determined according to EN

i
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Table 1 Chemical analyses of the BCSA clinkers and gyp-
sum, wt. % (WD-XRF, fused beads)

CBCSA-B CBCSA-Y Gypsum
Ca0 55.17 51.23 33.87
Si0, 2221 16.90 0.32
ALO, 12.15 19.55 0.05
Fe,0, 3.62 3.66 0.04
MgO 1.53 1.28 0.39
K-0 0.68 0.52 < 0.04
Na,0 0.29 0.23 < 0.06
TiO, 0.674 1.068 <0016
P,0s 0.092 0.091 0.006
Cr04 0.083 0.078 0.002
MnO 0.060 0.047 0.003
SO; 2.93 4.88 4425
LoL! 0.31 0.24 21.02
Total 99.77 99.76 99,95

'Loss on ignition

196-6, were 4740 cm®/g (specific density 3.18 g/em?)
for the CBCSA-B cement clinker and 4250 cm?/g
(specific density 3.07 g/em®) for the CBCSA-Y. The
gypsum was sieved to below 0.063 mm prior to use.
The particle size distributions of the clinker and
gypsum were determined using a laser particle
analyzer (Malvern Mastersizer X). The powders were
dispersed in isopropanol by ultrasound. The results are

shown in Fig. 1. As expected from the Blaine values,
the CBCSA-B clinker shows a slightly finer particle
size distribution than clinker CBCSA-Y. The particle
size distribution of the gypsum is broader than the
distributions of the CBCSA clinkers.

The cement mixtures BCSA-B and BCSA-Y were
prepared by blending the clinkers with different
amounts of gypsum in order to achieve calcium
sulfate to ye’elimite molar ratios (M-values) of 1, 1.5
and 2 (see Table 3) in order to cover a wide range of M-
values (rapid setting/hardening—expansive cements).
Batches of 200 g were mixed in a Turbula powder
blender mixer (WAB-group) for 2 h prior to use.

2.2 Preparation of samples for hydration
experiments

The hydration experiments were carried out at 20 °C,
using a water to cement ratio of 0.50. Cement pastes
were mixed manually for 3 min using a spatula, filled
into 15 ml polyethylene vials and cured sealed at
20 °C. Hydration was stopped by solvent exchange
using isopropanol and diethyl ether [35] at 1, 7, 28 and
150 days. The crushed samples were submerged in
isopropanol for 15 min, filtered using a Biichner
funnel, rinsed first with isopropanol and then twice
with diethyl ether and finally dried for 8 min at 40 °C
[36]. Afterwards, the dry pastes were ground by hand
to a particle size of below 0.063 mm using an agate

Table 2 Phase

s CBCSA-B CBCSA-Y Gypsum

compositions of the BCSA

cl‘mkerts and gypsum, [-Dicalcium silicate (belite) 60.6 50.9 =

gzt‘:g:rm;?lei:g:agn d p-Dicalcium silicate 6.9 0.8 -

Rietveld refinement, wt. % Ye'elimite 6.9 174 -
orthorhombic
Ye'elimite 9.3 14.9 -
cubic
Ferrite 11.9 10.4 =
Mayenite 2.4 32 -
Periclase 12 1.0 -
Gehlenite 0.6 - -
Perovskite 1.0 -
Aphthitalite 0.5 0.2 -
Arcanite 0.5 0.2 -
Gypsum - - 96.7
Anhydrite - - 33
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Fig. 1 Particle size distributions of cement clinkers CBCSA-B,
CBCSA-Y, and gypsum

mortar and investigated by X-ray powder diffraction
and thermogravimetric analyses.

2.3 X-ray powder diffraction

X-ray powder diffraction was performed using a
PANalytical X Pert Pro X-ray powder diffractometer
equipped with a CuKxz X-ray tube, a Johannson
Ge(111) incident beam monochromator and an X' Cel-
erator detector, Samples were back-loaded into a
circular sample holder (diameter 27 mm) in order to
reduce preferred orientation effects. Samples were
measured at 45 kV at a current of 40 mA in a 20 range
of 5-75° with a step size of 0.017°28, using a 1°
divergence slit and a 15 mm mask. The Rietveld
refinements were performed using the PANalytical
X'Pert High Score Plus V. 4.9 software and the crystal
structures suggested by Snellings [37], with the
exception of the structures of orthorhombic and cubic
ye'elimite, which were taken from Cuesta et al.
[38, 39]. To quantify the total amorphous and poorly
crystalline phases, the G-factor method [40-42] was
used, with CaF, (Sigma Aldrich) as an external

standard. The results were normalized to 100 g of
dry binder, taking into account the amount of bound
water derived from the thermogravimetric analysis,
which was determined from the weight loss at 550 °C
[43].

2.4 Thermogravimetric analyses

Thermogravimetric (TGA) analyses of the hydrated
samples were carried out using a Mettler Toledo TGA/
SDTA 851¢ in the temperature range 30 to 980 °C at a
heating rate of 20 K per minute under a nitrogen
atmosphere. About 60 mg of the samples were placed
in 150 pl alumina crucibles.

2.5 Isothermal calorimetry

Isothermal conduction calorimetry was performed to
determine the hydration heat flow and cumulative heat
of cement pastes using a TAM Air (TA instruments).
4 g of the prepared cement and 2 g of deionized water
(at a water to cement ratio of 0.5) were mixed
manually for 3 min using a spatula, filled into a glass
ampoule, capped and then placed directly into the
calorimeter. All measurements were carried out at
20 °C and recorded for 168 h. The first 30 min of
hydration could not be observed due to the external
mixing procedure.

2.6 Compressive strength

For compressive strength measurements, mortars were
prepared with quartz sand (CEN-Standard Sand EN
196-1-Normensand with grain sizes between 0.1 and
2 mm), using a cement/sand ratio of 25/75 by mass
and a cement to water ratio of 0.50. Mortars were
mixed according to EN 196-1, cast in 25 mm x 25
mm x 25 mm moulds, demoulded after 24 h and then
cured at 20 °C and 95 + 2% relative humidity until

Table 3 Mix design (g/

> BCSA-B BCSA-Y
100 g cement) of the
analysed cements M=1 M=15 M=2 M=1 M=15 M=2
CBCSA-B 95.5 933 91.3 - - -
CBCSA-Y - - - 91.3 87.5 83.9
Gypsum 4.5 6.7 8.7 8.7 125 16.1
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testing. Compressive strength was determined at 1, 7,
28 and 150 days on six prism halves per measurement
age using an LFM 50 testing machine (Walter + Bai)
at a loading rate of (.2 MPa/s.

P

ratio of 0.50 was applied, which corresponds to the
value used in the experiments. For the C—S-H, the
CSHQ model from Kulik [49] was used.

Based on the thermodynamic calculations of the
phase assemblage as a function over time it is possible

- Vunhydralcdccmcnl. =0 + Vhydnncs. =0 + Vporcsu]uticn. =0 — Vhydmlcs.J - Vunhydrulcdccmclm t % 100 (8)

Vunhydraledcemenl. =0 + Vhydrutes, =0+ vpuresnlulinn, 1=0

2.7 Thermodynamic modelling

To predict the type and amount of hydrates formed
during hydration of the anhydrous binders, thermody-
namic modelling was carried out using the geochem-
ical software GEMS [44, 45] coupled with the cement-
specific CEMDATA 18 thermodynamic database [46].

As a first step the phase volumes during hydration
of the BCSA clinkers blended with 0-30 wt.% of
gypsum were calculated. The phase compositions of
the clinkers and the gypsum, as determined by X-ray
powder diffraction, were used as inputs. A reaction
degree of 100% was assumed for ye’elimite and
mayenite, and of 50% for belite, ferrite and periclase,
in agreement with the average long-term dissolution
degrees reported in the literature e.g. by [14, 27, 32].
All the sulfate phases (anhydrite, gypsum, arcanite,
aphthitalite) were allowed to fully react. Gehlenite, y-
belite and perovskite were considered as inert phases
[15].

Furthermore, the phase changes with ongoing
hydration were modelled. Here, the reaction degrees
of the clinker phases depending on the hydration time
obtained from X-ray powder diffraction were used and
fitted with a sigmoidal non-linear equation (Eq. 7):

DoR = Ltd,, (7
I+ (2)

where DoR is the reaction degree, t is the hydration
time in days, a is the minimum reaction degree (set to
0), B is the maximum steepness, ¢ is the inflection
point and d is the maximum reaction degree (set to
100) [47, 48].

All thermodynamic calculations were conducted at
20 °C under oxidizing conditions. A water to cement

=

to calculate the porosities of the samples (Eq. 8):

where P is the porosity in %, V is the volume in Cm",
t = 0 is the time at the beginning of hydration and ¢ is
time [50].

3 Results and discussion

3.1 Thermodynamic modelling of the effect
of gypsum on the hydrate assemblage

Figure 2a depicts the calculated long-term hydrate
assemblages of the belite-rich BCSA-B clinker
blended with different amounts of gypsum varying
between 0 and 30 wt. %. Without gypsum, or when the
gypsum content is low (< 3 wt%), it is calculated that
monosulfate, striitlingite, katoite (C3AHy), siliceous
hydrogarnet (C3(A.F)Ss4Hs32), C—S-H and hydro-
talcite are calculated to be present. Above 4.5 wt.%
gypsum ettringite starts to form, and its amount
increases along with an increase in gypsum, at the
expense of monosulfate. The formation of the com-
pared to monosulfate more water-rich ettringite results
also in a lower amount of pore solution. C-S-H is
more abundant than stritlingite. The latter phase
becomes destabilized when higher contents of gypsum
(above approximately 26 wt.%) are used. Aluminium
hydroxide is not calculated to be present when the
gypsum content is above 2 wt.%, as the aluminium
hydroxide released by the hydration of ye’elimite is
used for the formation of stritlingite, according to
Eq. 3. The reaction of ferrite and belite is expected to
result in some siliceous hydrogarnet containing both
iron and aluminium.
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Fig. 2 Calculated hydrate assemblages in cm3 per 100 g unhydrated binder for a the belite-rich BCSA-B and b the ye'elimite-rich
BCSA-Y cements, as a function of the amount of gypsum. The lines indicate the samples studied experimentally at M = 1, 1.5 and 2

Figure 2b shows the calculated hydrate assem-
blages of the ye’elimite-rich BCSA-Y clinker blended
with gypsum. As this clinker contains less belite and
more ye'elimite than the BCSA-B, an equivalent M-
ratio corresponds to a higher content of gypsum and
thus to more ettringite and striitlingite. The formation
of ettringite is calculated already at gypsum contents
of 2 wt.% and above, while aluminium hydroxide is
calculated to be absent over the entire range of gypsum
additions. Due to the presence of less belite and more
ye'elimite in this blend, less C-S-H, but more
stritlingite, is expected to form. Again, the formation
of more ettringite in the presence of more gypsum
lowers the amount of the pore solution, and this effect

Fig. 3 X-ray diffraction
patterns of a BCSA-B and
bBCSA-YatM = 1, 1.5and
2 at 150 days of hydration.
B = belite, P = perovskite,
E = ettringite,

Ms = monosulfate,

§ = striitlingite,

H = siliceous hydrogarnet

is more pronounced in the ye’elimite-rich BCSA-Y
system compared to in the BCSA-B.

3.2 Hydrate assemblage

The XRD patterns of the investigated systems BCSA-
B and BCSA-Y with M-values of 1, 1.5 and 2 at
150 days of hydration are presented in Fig. 3. Patterns
related to the samples at other ages are provided in
Fig. S1 in the Electronic Supplementary Material
(ESM). Normalized quantitative X-ray powder
diffraction data of cements BCSA-B and BCSA-Y
with calcium sulfate to ye’elimite molar ratios of 1.5
are shown in Fig. 4. Phase quantifications of the

(b) BCSA-Y

5 10 15 20 25

2theta (CuKa)

30 35 0 5 10 15 20 25 30 35 40

2theta (CuKa)
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Fig. 5 Thermogravimetric analysis of cement pastes a BCSA-B and b BCSA-Y with the addition of different amounts of calcium

sulfate at 150 days of hydration

samples with other molar ratios are provided in Fig. 52
in the ESM. Figure 5 plots the results of the thermo-
gravimetric analyses of cements BCSA-B and BCSA-
Y with M-values of 1, 1.5 and 2 at 150 days of
hydration. TGA data of the samples at other curing
times are available in Fig. S3 in the ESM.

The results of the BCSA-B cement mixtures
(Figs. 3a and 4a) reveal that ye’elimite, as the early
reacting phase, and gypsum have already dissolved
within the first 24 h of hydration and are therefore not
detected anymore at any of the calcium sulfate to
ye'elimite molar ratios (see also Figs. SI-S3 in the

=

ESM). The hydration of ye'elimite in the presence of
gypsum leads to the formation of ettringite, according
to Eq. 1, until the gypsum is depleted. These results
are consistent with the TGA analyses, where the main
weight loss measured at 120 °C can be assigned to
ettringite [6, 16, 51] (see Fig. 5a and Fig. S3 in the
ESM). After 7 days of hydration, the amount of
ettringite decreases and the amount of monosulfate
continues to increase with time due to the ongoing
hydration of the ferrite phase (see Eq. 6), providing
additional aluminium ions [51, 52]. As expected, more
ettringite is present at higher M-values, while the

of Belite-Calcium
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amount of monosulfate is lower, indicating that
gypsum is controlling the ratio of precipitated ettrin-
gite to monosulfate, creating a shift from ettringite to
monosulfate as the amount of gypsum decreases
(Figs. 3a, 4a and 5a and Figs. S1-S3 in the ESM
[6, 8, 14, 16, 31]). Belite dissolves as the hydration
time increases, but is still present at 150 days of
hydration, underlining the low reaction of belite in
such aluminium-rich systems. The reaction degree of
belite in the BCSA-B mixtures is rather independent of
the calcium sulfate to ye’elimite molar ratio, reaching
a value of approximately 60% at 150 days, similar to
the data provided by Jeong et al.[ 14], Morin et al.[27]
and Zajac et al. [32]. As sufficient water is available
for hydration in these mixtures (see Fig. 2), the
hydration of belite does not appear to be limited by a
lack of water.

Ferrite is depleted after 7 days of hydration. At
increasing M-values, however, more unreacted ferrite
remained at 1 day, indicating that calcium sulfate
delays the reaction of ferrite. This is consistent with
the work of Morin et al. [27], which showed that the
kinetics of the dissolution of ferrite is slower when
higher amounts of calcium sulfate are added.. The
authors speculated that an increasing lack of space due
to precipitation of higher amounts of ettringite from
previous ye’elimite hydration might be the reason for
this delay.

Stritlingite is in BCSA-B identified from day 1
onwards at M = 1 and after 7 days of hydration at
M = 1.5 and 2 (see Figs. S1-S3 in the ESM), as aresult
of the hydration of belite with aluminium hydroxide
[21, 27]. Aluminium hydroxide is not detected by
X-ray powder diffraction as a result of its poor
crystallinity, but it is visible in the TGA data
(Fig. S3a), identifiable as a weight loss at around
250-280 °C [6, 16, 53]. The amount of stritlingite
slightly decreases at higher M-ratios (at M = 1.5 and
M = 2), since the presence of more sulfate available
for the formation of ettringite results in less aluminium
available for the formation of stritlingite [14],
confirming the findings of Jeong et al. [ 14] and Hargis
et al. [54]. Moreover, after 28 days the reaction of
ferrite, together with Ca from belite, C-S-H, or
striitlingite, leads to the formation of siliceous hydrog-
arnet containing iron [6, 33], according to Eq. 5. The
presence of C—S—H is not confirmed by TGA due to its
main hydration peak overlapping with that of ettringite
[32].

In the BCSA-Y cement mixtures, gypsum and
ye’'elimite have not yet been consumed after 1 day of
hydration (see Fig. 4b and Figs. S1, S2 in the ESM),
while in the BCSA-B mixtures they are already fully
dissolved at that time. In the BCSA-Y systems, the
gypsum is fully dissolved after 7 days at M = 1 and
after 28 days at M = 1.5, while it is still present after
150 days of hydration at M = 2. At a high M-value
more ettringite precipitates, which consumes more
water and could slow down the hydration at later ages.
This is far more evident at M = 2, where etringite is
the only hydration crystalline hydration product
detected after 150 days. Ye’elimite dissolves more
slowly than in the BCSA-B. A few percent are still
present after | day of hydration, and small amounts
persist until 150 days. As the M-value increases, the
ye'elimite is consumed slightly faster.

Regarding the hydrate assemblage, the main dif-
ference between cements BCSA-Y and BCSA-B is the
presence of more etiringite and less monosulfate in the
BCSA-Y cement, which is in accordance with the
thermodynamic modelling and TGA analysis and also
observed by Chen & Juenger [9]. However, the
amount of ettringite significantly decreases with
hydration time only at M =1, where monosulfate
precipitated, while at M = 1.5 and M = 2 monosulfate
is hardly identified, confirming that the amount of
monosulfate decreases with an increasing amount of
calcium sulfate addition. At M = 2, ettringite is the
only crystalline hydration product identified in large
amounts, which, according to data from the literature
causes a dense microstructure due to its high molar
volume, thus hindering the dissolution of belite and
the formation of other hydration products 8, 13, 14].
A slower dissolution of belite is therefore observed in
the BCSA-Y cement as the addition of calcium sulfate
is increased (see Fig. 4b and Fig. S2 in the ESM). At
M =2 the amount of belite decreases only slightly
between 1 and 150 days of hydration, confirming its
hydration is delayed at such a high sulfate addition
[27], as stated before, due to the high water consump-
tion of ettringite, as the only crystalline hydration
product identified, which slows down the hydration.

The amount of unreacted ferrite phase increases
with an increasing M-value, which is consistent with
the results of the BCSA-B cement. According to TGA
some aluminium hydroxide is present, however not
detected by XRD. At higher M-values (i.e. M = 2)
more aluminium hydroxide is observed in BCSA-Y
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compared to BCSA-B. This is the result of a higher
amount of reacted ye'elimite in the presence of
gypsum, more precipitated ettringite and therefore
more aluminium ions present [16] and also due to a
lower degree of hydration of belite to striitlingite,
which consumes aluminium hydroxide.

The amount of stritlingite decreases with an
increasing M-value, again due to less aluminium
available, as already observed in the BCSA-B cement.
At M =1 striitlingite is identified after 7 days, at
M = 1.5 after 28 days, while at M = 2 it could not
clearly be identified after 150 days. Compared to the
BCSA-B mixture, significantly less striitlingite is
formed in the BCSA-Y mixture, which corresponds
to the lower belite content of the ye'elimite-rich
BCSA. Siliceous hydrogarnet is formed at M = 1 and
M = 1.5 with the reaction of belite and ferrite after
28 days, when belite and ferrite have been consumed
significantly. Its amount increases between 28 and
150 days. At M =2, siliceous hydrogarnet is not
detected due to the low reaction degrees of belite and
ferrite. In general, there is good agreement between
the experimental data and the modelled phase assem-
blages. As predicted by thermodynamic modelling,
the formation of ettringite, monosulfate, striitlingite
and siliceous hydrogarnet as the main hydration
products is also observed experimentally. Increasing
the gypsum content led to the formation of more
ettringite and less monosulfate, in agreement with
previous observations [14].
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3.3 Thermodynamic modelling of phase
development with time

Figure 6 shows changes in the phase contents of the
BCSA-B and BCSA-Y cements with ongoing hydra-
tion when the M-value is 1.5. Graphs for the cements
with M-values of 1 and 2 can be found in the ESM
(Fig. S4).

The modelled hydrate assemblages in both systems
(BCSA-B, BCSA-Y) are similar; ettringite, alu-
minium hydroxide, monosulfate, strétlingite, C-S-H,
katoite and hydrotalcite are calculated. As hydration
time increases, first the dissolution of ye’elimite and
gypsum takes place, resulting in the precipitation of
ettringite. Once the gypsum is consumed, the amount
of ettringite decreases (especially in the BCSA-B), and
monosulfate is formed. At higher M-values the
gypsum is consumed later, and more ettringite but
less monosulfate is formed. In general, higher amounts
of ettringite and lower amounts of monosulfate are
formed in the BCSA-Y compared to the BCSA-B. In
the ye’elimite-rich BCSA-Y cement no monosulfate is
predicted when M = 2, as sufficient calcium sulfate is
provided to make ettringite from the aluminium ions
provided by ye’elimite and ferrite, which are not used
to make stritlingite. Along with ettringite and mono-
sulfate aluminium hydroxide is also formed, which is
however consumed by the reaction with belite to form
striitlingite. It is present only in small amounts in
BCSA-B, while in BCSA-Y significantly higher
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Fig. 6 Thermodynamic modelling of the phase assemblages depending on hydration time at M = 1.5 for a the BCSA-B cement and

b the BCSA-Y cement
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amounts of aluminium hydroxide precipitate. A small
amount of siliceous hydrogarnet containing iron yields
from the hydration of the belite and ferrite phases. The
amount of C-S-H increases over time, while at the
same time more belite also reacts. As expected, more
striitlingite and C-S—H are formed in the belite-rich
BCSA-B than in the ye'elimite-rich BCSA-Y. Traces
of hydrotalcite are also calculated in all mixtures.

In general, there is good agreement between the
experimental data and the modelled phase assem-
blages. As also observed by the experimental data, the
calculations predict the formation of ettringite, alu-
minium hydroxide, monosulfate, stritlingite and
siliceous hydrogarnet as the main hydration products.
The observed increase and then later decrease in the
quantities of ettringite, experimentally observed espe-
cially in the BCSA-B systems, is well represented in
the calculations. C—S—H, which is calculated to be
present in trace amounts in BCSA-Y and in higher
amounts in BCSA-B, could not be identified experi-
mentally by XRD due to its poor crystallinity and due
to overlapping peaks in TGA. Siliceous hydrogarnet
seems to be over-estimated, which could be attributed
to its slow formation at room temperature [2].
Hydrotalcite could not be identified in the experiments
due to its low quantities and/ or crystallinity. Stritlin-
gite, when it is present in only low amounts such as in
the ye'elimite-rich BCSA-Y at M =2, is hard to
identify due to the same reasons.

3.4 Isothermal calorimetry

The heat flow and cumulative heat data obtained by
isothermal calorimetry are shown in Fig. 7. The initial
peak, which is attributed to the wetting of the system,
fast dissolution of clinker phases and early hydration
reactions [8, 12, 16—18, 20] cannot be assessed due to
the external mixing method and is thus not displayed
and discussed.

All mixtures show a short induction period after the
initial peak, which lasts for about 2 hours. Namely,
this period is attributed to the slow dissolution of
clinker phases and the slow formation of ettringite
[12, 16, 17).

Following this, the main hydration peak, which is
attributed to the dissolution of ye’elimite and gypsum
and the precipitation of ettringite together with
aluminium hydroxide [8, 9, 12, 18, 20], occurs after
approximately 3.2 hours in both cement mixtures

BCSA-B and BCSA-Y [14], regardless of the amount
of gypsum added.

A further, third heat maximum occurs, which is
related to ongoing hydration after depletion of sulfate
and the precipitation of monosulfate and/or the
secondary formation of ettringite [9, 12, 15, 16]. Its
intensity increases with decreasing amounts of added
gypsum, and its maximum is shifted to an earlier time.
This indicates that, as more calcium sulfate is added,
more ettringite precipitates according to Eq. 1. thus
leaving less ye’elimite for the reaction according to
Eq. 2 [8, 14, 55]. In the BCSA-B cement the third
maximum occurs after 4, 5.5 and 6.5 hours at M = 1,
M = 1.5 and M = 2, respectively. In the BCSA-Y
cement this peak appears later, after 6, 8.5 and 10 h at
M=1,M=1.5, and M = 2, respectively, which is due
to the higher ye’elimite content in the BCSA-Y clinker
compared to in the BCSA-B and therefore, as X-ray
powder diffraction results showed, more ettringite and
less monosulfate are formed.

Furthermore, another visible peak occurs in the
BCSA-B cement mixtures, which is also shifted to an
earlier time with a decreasing amount of added
gypsum and occurs at 24 and 32 forM =1, and M =
1.5. This peak appears at M = 2 very late, only after 50
hours. This could be explained by the reaction of belite
to yield stritlingite, while increasing gypsum delays
the formation of stritlingite [14, 54], as confirmed by
X-ray powder diffraction (see Fig. 3 and Fig. S1 in the
ESM). In the BCSA-Y system this additional peak
probably related to belite hydration is hardly visible
due to the lower quantities and the slower reaction of
belite compared to the BCSA-B system.

The BCSA-Y cement mixtures show higher initial
cumulative heat and also higher values after 7 days of
hydration compared to the BCSA-B cement mixtures,
indicating that the hydration of ye'elimite creates
more heat than the hydration of belite (see Fig. 7¢, d).
In both BCSA-B and BCSA-Y the cumulative heat at
all three M-ratios is rather similar.

3.5 Compressive strength

Results showing the compressive strength of the
cement mixtures BCSA-B and BCSA-Y with differing
amounts of gypsum are shown in Fig. 8.

All cements show rapid strength development at
early ages due to the fast hydration of ye’elimite with
gypsum and, consequently, the precipitation of a high
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Fig. 7 Hydration heat flow of the a BCSA-B and b BCSA-Y cements and development of the cumulative heat of hydration in the
¢ BCSA-B and d BCSA-Y cements blended with different amounts of gypsum

amount of ettringite [2, 14]. This is in accordance with
the results of X-ray diffraction and thermogravimetry,
which reveal that gypsum has already been consumed
within the first 24 h of hydration in the BCSA-B
cements, while in the BCSA-Y a small amount
remains unreacted.

All cement mixtures BCSA-B show a gradual
increase in compressive strength up to 150 days, with
very fast compressive strength development between 1
and 7 days (Fig. 8a). Beyond 7 days of hydration, the
compressive strength increases slowly. At late ages
(150 days) compressive strength is lowest when
M=2 (249 MPa), followed by when M =1
(27.5 MPa), with the highest compressive strength
developed when M = 1.5 (30.3 MPa).

=

The compressive strength evolution of the BCSA-Y
cement mixtures (Fig. 8b) shows a similar trend as to
the BCSA-B cement mixtures, however at M = 1 and
M = 1.5 only a slight strength gain between 1 and
7 days is observed in BCSA-B. After 7 days of
hydration, the compressive strengths increase with
an increasing amount of gypsum, as was also observed
by Beltagui et al. [31], reaching final values of
39.6 MPa, 45.7 MPa, and 48.3 MPa at 150 days for
M =1,M = 1.5and M = 2, respectively. This effect is
due to a higher amount of precipitated ettringite with
increasing M-values, as confirmed by X-ray powder
diffraction (see Fig. 3). Moreover, the compressive
strength of the sample with M = 1 is much lower with
respect to the other two samples with M-values of 1.5
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Fig. 8 Compressive strength development of the a BCSA-B and b BCSA-Y cements with differing amounts of gypsum

and 2, most likely due to much less ettringite formed at
a low M-value.

The results show that the BCSA-Y cement mixtures
have significantly higher compressive strengths than
the BCSA-B cements at all hydration times, especially
at an early age. This is due to the higher ye’elimite
content and a higher amount of precipitated ettringite,
as determined by X-ray powder diffraction and
thermogravimetric analysis (Fig. 3), which has also
been reported elsewhere [2, 8]. These results are in
accordance with isothermal calorimetry, where it can
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be seen that the cumulative heat flow is higher in
BCSA-Y than in BCSA-B, especially at carly ages.
Figure 9a plots the compressive strength versus
bound water, as determined by thermogravimetric
analyses, for both cement systems. Compressive
strength increases as the bound water content
increases, and a linear correlation is evidenced for
all data points. The amount of bound water is related to
the volume of hydration products, which itself is
related to porosity and thus to compressive strength.
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Fig. 9 a Bound water, as determined by TGA compared to measured compressive strength; b Calculated porosity compared to

measured compressive strength

i

63



212 Page 14 of 17

64Chapter 4. The Influence of Calcium Sulfate Content on the Hydration of Belite-Calcium
Sulfoaluminate Cements with Different Clinker Phase Compositions

Materials and Structures (2021)54:212

In Fig. 9b compressive strength is plotted against
the calculated porosities as derived from thermody-
namic modelling. With decreasing porosity, the com-
pressive strength increases. Again, all data points
show a linear correlation between porosity and
compressive strength. This indicates that, regardless
of the phase compositions of the cements (i.e. different
ye'elimite/belite and ye’elimite/gypsum ratios), com-
pressive strength is mainly governed by the volume of
hydrates formed and porosity.

4 Conclusions

In this study, the effect of various amounts of gypsum
(calcium sulfate to ye’elimite molar ratios i.e. M-
values of 1, 1.5 and 2) on the hydration mechanism of
belite-rich and ye’elimite-rich belite-calcium sulfoa-
luminate cement clinkers was investigated by means
of experimental methods and thermodynamic
modelling.

In all systems investigated, the main hydration
products at an early age are ettringite in addition to
amorphous aluminium hydroxide, which precipitated
due to the rapid hydration of ye’elimite in the presence
of gypsum. After consumption of gypsum monosulfate
forms, while the amount of ettringite decreases due to
the supply of additional aluminium ions from disso-
lution of the ferrite phase. At later hydration times
belite dissolves significantly, and siliceous hydroga-
rnet, striitlingite and C—S-H are formed.

The addition of gypsum plays an important role in
the kinetics and phase assemblage formed during
hydration. The cements react earlier and release more
heat during the hydration when less gypsum is added
(lower M-values). The amount of gypsum controls the
quantities of ettringite and monosulfate precipitated,
with an increasing amount of ettringite and a decreas-
ing amount of monosulfate at higher M-ratios. With
increasing amounts of the water-rich ettringite formed
at increasing M-ratios, the water demand needed for
full hydration increases and thus late hydration will
slow down if the water/cement ratio applied is too low.
Increasing the addition of gypsum decreases the
dissolution kinetics of belite and ferrite. More striitlin-
gite 1s formed at lower M-ratios due to less ettringite
formed and therefore more aluminium is available for
the formation of stritlingite. In the ye’elimite-rich
clinker increasing the amount of gypsum increases

=

compressive strength, as higher quantities of the
space-filling ettringite are formed. In the belite-rich
systems the differences were not as significant.

A higher amount of belite, and correspondingly less
ye’elimite in the clinker, leads to higher amounts of C—
S—H at the expense of striitlingite. The cements with a
higher belite content yielded significantly lower
compressive strengths than the cements with lower
belite contents as (i) the hydration degree of belite is
significantly lower than the one of ye’elimite and (ii)
ettringite is more space-filling than stritlingite and C—
S-H [27].

The established thermodynamic hydration model
shows good agreement compared to the experimental
data and is able to predict the hydration of belite-
ye'elimite-ferrite cements. Compressive strength is
directly correlated with bound water, as determined by
thermogravimetric analysis, and inversely correlated
to calculated porosity derived from thermodynamic
modelling.
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Fig. S1 X-ray diffraction patterns of BCSA-B at a) 1 day, b) 7 days and c) 28 days f hydration and
BCSA-Y at d) 1 day, e) 7 days and f) 28 days of hydration. B = belite, Y = ye’elimite, F = ferrite, M =
mayenite, P = perovskite, E = ettringite, Ms = monosulfate, S = stritlingite, H = siliceous hydrogarnet.
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Fig. S2 X-ray powder diffraction quantification of the phase development in hydrating BCSA-B ata) M =
1andb) M =2 and BCSA-Y cementatc) M= 1 andd) M = 2.
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and cement paste BCSA-Y at d) 1, ) 7 and f) 28 days of hydration.
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Chapter 5

Experimental Study and
Thermodynamic Modelling of the
Temperature Effect on the Hydration

of Belite-Ye’elimite-Ferrite Cements

This chapter is based on a paper submitted to the peer-reviewed journal, Construction
and Building Materials, by M. Mrak, F. Winnefeld, B. Lothenbach, and S. Dolenec,
entitled, “Experimental study and thermodynamic modelling of the temperature effect on
the hydration of belite-ye’elimite-ferrite cements.,"

This chapter addresses thesis objectives 1, 2, 3 and 5.

5.1 Introduction

The hydration of cements is a temperature-sensitive process, which is influenced not only
by variation in temperature caused by the external environment but also by the heat
produced during an exothermic reaction between cement and water [63], [65]-[67], [69].
The influence of temperature on the hydration of cements is complex, yet is it an
important factor in understanding the behavior and properties of cementitious materials
[90]. A literature review concerning the influence of temperature on the hydration of
different cements is discussed in detail in Chapter 1.

Previous research shown in Chapter 2 [84] focused on the hydration of belite-
ye’elimite-ferrite cements, yet only at ambient and elevated temperatures, while lower
temperatures (e.g. 5 °C) were not investigated. Furthermore, a low water-to-cement ratio
and a very high calcium sulfate to ye’elimite molar ratio were implemented in that study
resulting in insufficient water for complete hydration. As shown in Chapter 3 [85], early
hydration reactions up to 1 day at 25, 40 and 60 °C were studied through in situ X-ray
diffraction analysis.

While there has been significant research on belite-ye’elimite-ferrite cement at
ambient temperature, there are still some gaps in understanding the behavior of belite-
ye’elimite-ferrite cement at different temperatures, particularly at low temperatures and
with respect to the effects on its mechanical properties and microstructure. This study
examines the effects of low, ambient, and increased curing temperatures on the phase
development, microstructure and hydration kinetics of belite-ye’elimite-ferrite cements.
Systematical and detailed microstructural and EDXS analyses were performed at
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different temperatures, which was not previously investigated, in order to improve
understanding of the development of hydration products at different temperatures. In
addition, thermodynamic calculations of belite-ye’elimite-ferrite systems at different
temperatures have not been previously made available in the open literature. These
results will therefore provide valuable insights into the behavior of belite-ye’elimite-ferrite
cements in different curing environments, thus expanding our understanding of the
hydration mechanisms of belite-ye’elimite-ferrite cements.

The hydration of two belite-ye’elimite-ferrite cements at temperatures between 5°C
and 60°C was investigated using both experimental data and thermodynamic modelling.
The hydration kinetics was studied using isothermal calorimetry, and the compressive
strength of the mortars was determined. The hydrate assemblages of two different
cements varying in terms of their phase composition were investigated by X-ray powder
diffraction, thermogravimetric analysis, and energy-disperse X-ray microanalysis. The
microstructure was assessed using scanning electron microscopy. Based on the
experimental data a thermodynamic model was established that can be used to calculate
the stable hydrate assemblage depending on temperature and dissolution kinetics.

5.2 Materials and Methods

5.2.1 Materials

Two belite-ye’elimite-ferrite cement clinkers with different targeted phase compositions
were synthesized. The targeted phase composition was 65 wt. % belite (C.S), 20 wt. %
ye'elimite (C4A;S) and 10 wt. % ferrite (C4AF) for clinker CBCSA-B, and 50 wt. % belite
(C28), 35 wt. % ye'elimite (CiAsS) and 10 wt. % ferrite (C4AF) for clinker CBCSA-Y.

The synthesis of the clinkers has been described in detail in a previous paper BorStnar
et al. [84]. The chemical compositions of the clinkers, determined by X-ray fluorescence
according to EN 196-2 and the mineralogical compositions derived from quantitative X-
ray diffraction have also been reported previously by Mrak et al. [89]. The phase
compositions are shown in Table 5.1 below. The Blaine specific surface areas of the
cement clinkers were 4740 cm?/g (specific density 3.18 g /cm®) for cement clinker
CBCSA-B and 4250 cm?/g (specific density 3.07 g /cm3) for CBCSA-Y [89].

Table 5.1: Phase compositions of the cement clinkers (in wt. %) as determined by X-ray
powder diffraction and Rietveld refinement. Data reproduced from [89].

CBCSA-B  CBCSA-Y

B -Dicalcium silicate (belite) 60.6 50.9
Y -Dicalcium silicate 6.9 0.8
Ye’elimite orthorhombic 6.9 17.4
Ye’elimite cubic 9.3 14.9
> Ye'elimite 16.2 32.3
Ferrite 11.9 10.4
Mayenite 2.3 3.2
Periclase 1.1 1.0
Gehlenite 0.4 -
Perovskite - 1.0
Aphthitalite 0.3 0.2

Arcanite 0.3 0.2
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The cement mixtures BCSA-B and BCSA-Y were prepared by blending the ground
clinkers with 6.7 wt. % and 12.5 wt. % natural gypsum (composed of 96.7 wt. % gypsum
and 3.3 wt. % anhydrite and ground below 0.063 mm), respectively, resulting in an M-
value (calcium sulfate to ye’elimite molar ratio) of 1.5 in both cements [89]. The particle
size distributions of both the clinkers and the gypsum have been previously presented in
Mrak et al. [89].

Prior to use, the raw materials were stored for 24 hours at either 5 °C, 20 °C, 40 °C
or 60 °C. The cement pastes were prepared using a water-to-cement ratio of 0.5.
Following the addition of the appropriate amount of water, the pastes were mixed
manually for 3 minutes using a spatula and filled into 15 ml polyethylene vials, which
were then tightly sealed and cured at the respective temperatures.

At pre-determined time intervals, i.e. 1, 7, 28 and 150 days, the hydration of the
cement pastes was stopped by solvent exchange using isopropanol and diethyl ether.
Following the protocol described by Snellings et al. [91], the crushed samples were
immersed in isopropanol for 15 min, filtered with a Biichner funnel, then rinsed once with
isopropanol and twice with diethyl ether before being dried for 8 minutes at 40 °C to
evaporate any remaining solvent. The dry pastes were investigated using scanning
electron microscopy. For X-ray powder diffraction and thermogravimetric analysis, pastes
were ground by hand to a particle size of below 0.063 mm using an agate mortar prior to
analysis. It should be noted that the results from the hydration experiments on cement
mixtures BCSA-B and BCSA-Y at 20 °C, as presented in the latter part of this work
have been reported previously [89].

5.2.2 Methods

Isothermal conduction calorimetry was performed at 5 °C, 20 °C, 40 °C and 60 °C, using
a Thermometric TAM Air (TA instruments). 4 g of the prepared cement was manually
mixed with 2 g of deionized water (corresponding to a water-to-cement ratio of 0.5), for 3
minutes using a spatula. The mixture was transferred into a glass ampoule, which was
then capped and placed directly into the calorimeter before being measured for 168
hours. It was not possible to oberve the early heat of hydration (up to approximately 30
minutes) due to the external mixing procedure.

X—ray powder diffraction was conducted using a PANalytical X'Pert Pro X-ray
powder diffractometer equipped with CuKq radiation (Johannson Ge (111) incident
beam monochromator) and an X’Celerator detector at a voltage of 45 kV and a current
of 40 mA. Samples were prepared by back-loading the powder into a circular sample
holder with a diameter of 27 mm in order to minimize the preferred orientation effects.
Samples were measured in a 20 range of 5-75° with a step size of 0.017 °2 0, using a 1°
divergence slit and a 15 mm mask. Rietveld refinement was performed using PANalytical
X'Pert High Score Plus diffraction software (version 4.9). Crystal structures suggested by
Snellings [92] were used, while the structures for orthorhombic and cubic ye’elimite were
taken from Cuesta et al. [46], [93]. The G-factor method [94]-[96] was used for the
quantification of amorphous content and poorly crystalline phases with CaF, (Sigma
Aldrich) used as the external standard. The results were normalized to 100 g of dry
binder, including the amount of bound water determined from thermogravimetric
analysis.

Thermogravimetric (TGA) analysis was carried out using a Mettler Toledo
TGA/SDTA 85le instrument. Measurements were carried out over the temperature
range between 30 and 980 °C, employing a heating rate of 20 K/min under a nitrogen
atmosphere. Approximately 50 mg of the samples were placed in 150 pl alumina
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crucibles. Chemically bound water was calculated from the weight loss up to 550 °C and
normalized to 100 g of the dry binder [97].

Polished cross-sections of selected cement pastes (cured for either 150 days at 5 °C, 20
°C, 40 °C or 60 °C and 1, 7, 28 and 150 days at 20 °C), impregnated with epoxy resin
and carbon coated, were examined by scanning electron microscopy (JEOL JSM-IT500)
under high vacuum in backscattered electron mode (BSE). Imaging was performed with a
backscattered electron detector at an accelerating voltage of 15 kV, while energy-
dispersive X-ray microanalyses (EDXS) were performed to identify the hydrates and their
chemical composition. Over 100 points were analyzed per sample (matrix of hydrated
cement pastes). Graphs displaying the various atomic ratios of different elements (Al/Ca,
S/Ca, Si/Ca and Ca/Si) were utilized to illustrate trends in the composition of the
hydration products.

Mortars were prepared using quartz sand (CEN-Standard Sand EN 196-1 -
Normensand with grain sizes between 0.1 and 2 mm), with a cement-to-sand ratio of
25/75 by mass and a water-to-cement ratio of 0.5. The mortars were mixed according to
EN 196-1, cast in 25 mm x 25 mm x 25 mm moulds and then cured at 5 °C, 20 °C, 40 °C
and 60 °C and a relative humidity of 95 + 2 %. After 24 hours, the samples were
demoulded., The compressive strength of the samples was determined after 1, 7, 28 and
150 days using an LEM 50 (Walter + Bai) testing machine with a loading rate of 0.2
MPa/s. Three cubes were tested for each measurement age.

Geochemical modelling was carried out to predict the type and amount of hydration
products at various temperatures. The geochemical software GEMS [98] coupled with the
cement-specific Cemdatal8 database [78] were used for this purpose. All thermodynamic
calculations were done under oxidizing conditions. The CSHQ model from Kulik [99] was
used for C—S—H as detailed in [78]; this model accounts for the uptake of Na and K in
C—S—H but neglects Al-binding by C—S—H. Firstly, the changes in phase volumes that
occurred with ongoing hydration were calculated at the respective temperatures (5, 20, 40
and 60 °C). The dissolution degree of the clinker phases at different hydration times, as
obtained by X-ray powder diffraction, was fitted using the following empirical non-linear
equation (Eq. 5.1):

A—D

t
1+(z)

where DoR represents the reaction degree, t the hydration time in days, A the
minimum reaction degree (set to 0), B the maximum steepness of the curve, C the
inflection point and D the maximum reaction degree (set to 100) [100], [101]. Secondly,
changes in the phase volumes that occurred during hydration of the BCSA-B and BCSA-
Y clinkers were modelled across the temperature range of 0 to 85 °C. The phase
compositions of the clinkers and the gypsum, as determined by X-ray powder diffraction,
were utilized as input data. For ye’elimite, ferrite, periclase and mayenite, a reaction
degree of 100 % was considered. For belite, a temperature-dependent reaction degree was
used, which was inter- and extrapolated from a linear fit of the dissolution degrees as
obtained by X-ray powder diffraction at 5 °C, 20 °C, 40 °C and 60 °C after 150 days.
Anhydrite, gypsum, arcanite and aphthitalite were all assumed to fully react, while y-
dicalcium silicate, gehlenite and perovskite were considered to be inert [56]. A water-to-
cement ratio of 0.5 was applied in the calculations, corresponding to the value used in the
experiments. According to the results of thermodynamic modelling, the porosities of the
samples were calculated according to the equation (Eq. 5.2):
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p= Vunhydrated cement, t=0 + Vhydrates, t=0 T Vpore solution,t=0 — Vhydrates,t — Yunhydrated cement,t

x100 (5,2)

Vunhydrated cement,t=0 + Vhydrates,tzo + Vpore solution,t=0

where P is the porosity (%), V the volume (cm?®), t = 0 the time at the beginning of
hydration and t is the time [45].

5.3 Results and Discussion

5.3.1 Isothermal Calorimetry

The influence of temperature on the hydration heat flow is shown in Figures 5.1a (BCSA-
B) and 5.1b (BCSABCSA-Y). The initial peak, which can be attributed to the wetting
and first hydration reactions [23], [39], [102], [103], cannot be assessed due to the external
mixing procedure.

The induction period, which occurs during the slow dissolution of the clinker phases,
and the subsequent slow formation of hydrates [48], [74], [102], [103], is prolonged at
lower temperatures. At 5 °C in particular, the induction period is very long, lasting
approximately 11 hours in BCSA-B and 15 hours in BCSA-Y. A prolonged induction
period at lower temperatures has also been observed by other authors [81], [104]. At 20
°C, the induction period stops at approximately 1.6 hours in BCSA-B and 1.5 hours in
BCSA-Y. Conversely, the samples cured at elevated temperatures have very short
induction periods, lasting around 20 minutes in both cement at both 40 °C and 60 °C.

The maximum heat flow released during hydration increases as temperature increases.
At higher temperatures, the reactions are faster and thus show significantly higher rates
of heat release, indicating that increasing the curing temperature accelerates the kinetics
of hydration [74], [82], [105]-[107]. At 5 °C, the reaction is very slow, leading to a
significantly lower rate of heat flow compared to at ambient and elevated temperatures.

At 5 °C, only one very broad peak is seen in BCSA-B, starting after around 11 hours
of hydration, which can — as also for all other samples — be attributed to the dissolution
of ye'elimite and gypsum and the early precipitation of ettringite and aluminium
hydroxide [39], [49], [74], [102], [108]. A small additional maximum occurs after 27.5
hours, which can be attributed to the precipitation of monosulfate and/or ettringite [56],
[102], [108]. At 20 °C, the first heat evolution peak occurs after 3.5 hours of hydration,
followed by a second peak after 5.2 hours. At 40 °C the first peak occurs after 0.8 hours
and the second after 1.5 hours, while at 60 °C they occur even earlier - after 0.6 and 1.2
hours, respectively.

In BCSA-Y, the first peak occurs between 15 and 37.5 hours of hydration at 5 °C,
with no clear maximum, while a second maximum is visible after 40 hours. At all other
temperatures, the first peaks occur at a similar time as in BCSA-B. The second peaks,
however, occur later than in BCSA-B, appearing after 8.2, 2.7 and 1.4 hours at 20 °C, 40
°C and 60 °C, respectively. This is related to the fact that in BCSA-Y more ettringite
forms than monosulfate due to the higher content of ye'elimite in clinker BCSA-Y
compared to BCSA-B (see Table 5.1). As indicated, the reactions occur earlier at
elevated temperatures. In contrast to BCSA-Y, however, it can be seen in the case of
BCSA-B that raising the temperature from 40 °C to 60 °C does not significantly change
the heat release.
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Figure 5.1: Hydration heat flow (a, b) and development of the cumulative heat of
hydration (c, d) at different curing temperatures in the BCSA-B and BCSA-Y cements.
Both the heat flow and cumulative heat are normalized to the weight of the cement.
Data at 20 °C were taken from [89].

The development of cumulative heat is displayed in Figures 5.1c and 5.1d. The results
show that after 7 days of hydration (Table 5.2), the cumulative heat in BCSA-B cement
mixture decreases as the temperature increases from 20 to 60 °C. After 7 days, the
cumulative heat at 5 °C is lower than it is at the other temperatures, indicating a very
slow and long-term hydration. However, on the one hand, at 40 and 60 °C the very early
heat of hydration might not be entirely captured as we had to discard the first 30
minutes of the heat flow due to the external mixing procedure. As in Portland cement,
however, a higher degree of hydration is often reached after long hydration times at low
temperatures than at higher temperatures, where fast hydration causes the formation of
dense shells of hydrates around the clinker grains [65]. When the temperature is low,
dissolution is slow, allowing time for the ions to distribute around the matrix and
precipitate in the pore space.

Table 5.2: Cumulative heat of hydration after 7 days of hydration at 5 °C, 20 °C, 40 °C
and 60 °C. The cumulative heat is normalized to the weight of the cement.

Cumulative heat (J/g) BCSA-B BCSA-Y
5°C 204.49 255.38
20 °C 231.01 247.43
40°C 229.04 230.91

60 °C 22291 216.22
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In the BCSA-Y cement, the cumulative heat after 7 days decreases when the
temperature is increased from 5 to 60 °C. In both cement mixtures, the long-term
reaction slows down more quickly when the temperature is increased, an effect also
observed by Chitvoranund [105].

5.3.2 Dissolution of Clinker Phases and Gypsum

Figures 5.2 to 5.5 plot the XRD patterns of BCSA-B and BCSA-Y at the various curing
temperatures after 1, 7, 28 and 150 days of hydration. The amount of main anhydrous
phases (belite, ye’elimite, ferrite and gypsum) at different curing temperatures are
plotted in figures 5.6 and 5.7 for BCSA-B and BCSA-Y, respectively.

a) BCSA-B, 1 day _ b) _ BCSA-Y,1day

b

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40

20 CuK_ (°) 20 CuK_ (°)

Figure 5.2: X-ray diffraction patterns of BCSA-B (a) and BCSA-Y (b) at 1 day of
hydration at different curing temperatures. B = belite, E = ettringite, F = ferrite, G =
gypsum, Ms = monosulfate, P = perovskite, and Y = ye’elimite. The data for 20 °C was
taken from [89].
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Figure 5.3: X-ray diffraction patterns of the cement mixtures BCSA-B (a) and BCSA-Y
(b) at 7 days of hydration at different curing temperatures. B = belite, E = ettringite, F
= ferrite, G = gypsum, Ms = monosulfate, P = perovskite, S = stratlingite, and Si-Hg =
siliceous hydrogarnet. The data for 20 °C was taken from [89].

a) BCSA-B, 28 days b) BCSA-Y, 28 days
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Figure 5.4: X-ray diffraction patterns of the cement mixtures BCSA-B (a) and BCSA-Y
(b) at 28 days of hydration at different curing temperatures. B = belite, E = ettringite,
Ms = monosulfate, P = perovskite, S = strétlingite, and Si-Hg = siliceous hydrogarnet.
The data for 20 °C was taken from [89].
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Figure 5.5: X-ray diffraction patterns of BCSA-B (a) and BCSA-Y (b) at different curing
temperatures at 150 days of hydration. B = belite, E = ettringite, Ms = monosulfate, P
= perovskite, S = stratlingite, and Si-Hg = siliceous hydrogarnet. The data for 20 °C was
taken from[89].

As the temperature increases, dissolution of the anhydrous clinker phases becomes
accelerated, as has been observed previously, both in Portland cements [63], [66], [104]
and ye'elimite-based cements [39], [70], [79]. Ye'elimite reacts very rapidly, and at both
ambient and elevated temperatures it becomes almost completely consumed during the
first day of hydration.

At 5 °C, the consumption of ye'elimite and gypsum at early ages is significantly
slowed compared to that at other temperatures. At 1 day, the reaction degree of
ye’elimite is around 60 % and 55 % in BCSA-B and BCSA-Y, respectively (Figures 5.6
and 5.7). In BCSA-B, the gypsum is almost fully reacted after 1 day, whereas in BCSA-Y
only approximately 60 % has reacted over the same period of time, as the amount of
added gypsum in BCSA-Y is almost double that of in BCSA-B (Figure 5.7). TGA results
confirm the presence of gypsum at 1 day of hydration at a curing temperature of 5 °C
(Figure 5.10). The results indirectly confirm those obtained from X-ray powder
diffraction, which show that, at 1 day, the degree of hydration of the clinker phases is
lowest at 5 °C, as a lower quantity of bound water is identified compared to at the other
temperatures.

The reaction kinetics of belite is slower than ye'elimite and gets faster with higher
temperatures. In the first 24 hours, belite reacts to a certain extent at all curing
temperatures. After 1 day, the hydration degree of BCSA-B reaches around 35 % at 5 °C,
20 °C and 40 °C, and almost 50 % at 60 °C. In BCSA-B, the hydration of belite increases
substantially beyond 7 days of hydration and is promoted at elevated temperatures.
At150 days, nearly 90 % of belite is hydrated at 60 °C, compared to a hydration degree
of approximately 50 % at 5 °C. Belite has been reported to show a similar degree of
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hydration at 5 °C and 60 °C after 180 days [105] although only a small reaction was
observed until 90 days. In BCSA-Y, the hydration degree of belite after 1 day is around
40 % at all temperatures. At 60 °C, the hydration of belite significantly increases
between 7 and 28 days of hydration, while at lower temperatures this increase takes place
after 28 days. At 150 days, the hydration degree of belite is around 80 % at 60 °C and
approximately 60 % at 5 °C, indicating that temperature significantly affects the kinetics
of hydration.
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Figure 5.6: Amounts of B-belite and ferrite (a), ye’elimite (b) and gypsum (c) in the
BCSA-B cement mixture obtained by quantitative X-ray diffraction. The estimated
relative errors are £5 %. The data at 20 °C was taken from [89].
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BCSA-Y cement mixture obtained by quantitative X-ray diffraction. The estimated
relative errors are £5 %. Data at 20 °C was taken from [89].

In the BCSA-B cement mixture, unreacted ferrite is only present at 1 day of
hydration; after 7 days it is not detected at all, suggesting it has already dissolved. In

line with previous findings [106], [107], the hydration degree of ferrite at 1 day does not
change significantly with temperature, reaching around 60 % at 20 °C, 40 °C and 60 °C,

and a somewhat lower value (50 %) at 5 °C. Ferrite is consumed more slowly in BCSA-Y
than it is in BCSA-B, meaning it is still detected at 7 days of hydration. At 5 °C, the
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hydration degree is approximately 54 % after 1 day, while at the increased temperature it
is slightly higher (60 %).

5.3.3 Development of the Hydration Products

XRD results reveal the presence of ettringite, monosulfate, strétlingite and siliceous
hydrogarnet as crystalline hydration products in the hydrated samples (Figures 5.8 and
5.9). Aluminium hydroxide, which also forms upon the hydration of ye'elimite-based
cements, is generally X-ray amorphous but can be identified by thermogravimetric
analyses, especially at early ages (see Figures 5.10, 5.11 and 5.12). C—S—H, a further
potential hydration product, is difficult to detect, but can potentially be identified by a
very broad signal in both XRD and TGA, and more clearly by using SEM/BSE with
EDXS. In general, it can be observed in both BCSA-B and BCSA-Y that the type of
hydration products does not change when the curing temperature is altered, but they do
vary with respect to the amounts [65], [72], [81].

As mentioned above, the early hydration of ye’elimite in the presence of gypsum is
slower at 5 °C than it is at elevated temperatures, which directly results in a lower
amount of precipitated ettringite after 1 day of hydration in comparison to at increased
temperatures. With ongoing hydration, however, i.e. between 7 and 150 days, less
ettringite and slightly more monosulfate were formed when the temperature was
increased, in agreement with previous studies [63], [65], [72], [74], [81], [106], [107], [109].
Ettringite together with aluminium hydroxide precipitate with the hydration of ye’elimite
and gypsum, according to Eq. 1.1, while monosulfate forms following the depletion of
sulfate, according to Eq. 1.2 [15], [20], [22], [23], [30], [49], [54], [110].

As the temperature increases, the solubility of ettringite is higher, which promotes the
formation of monosulfate and leads to an increased sulfate concentration in the pore
solution [65], [73], [81], [109]. At 5 °C, the hydration of ye’elimite only generates low
initial amounts of ettringite; later, especially after 7 days, far more is formed, while only
a small amount of monosulfate is formed in comparison to at higher temperatures [81].
Furthermore, the amount of ettringite decreases over time, at the expense of
monosulfate. The results of TGA analyses are in agreement with those from X-ray
powder diffraction, confirming that, in the long-term, less ettringite is generated at
higher temperatures [81]. In both BCSA-B and BCSA-Y, the main weight loss measured
at 120 °C, which is assigned to the decomposition of ettringite [20], [48], [81], [111],
decreases with hydration time, as can be seen in Figures 5.10 to 5.13. At higher
temperatures, the ettringite content decreases from 7 days onwards in both mixtures.
Furthermore, as expected, the results indicate that far more ettringite is present in
BCSA-Y than in BCSA-B, due to the greater presence of ye’elimite, which will
subsequently lead to a higher compressive strength in the BCSA-Y cement.

Potentially, C—S—H, with a broad weight loss area between 50 and 250 °C [97]
could also be present, but this is difficult to clearly assess given the intense weight loss
caused by the decomposition of ettringite. Aluminium hydroxide also forms during the
first day of hydration, due to the hydration of ye’elimite, but this seems to already be
largely consumed after 1 day in BCSA-B, and after 28 days in BCSA-Y, due to its
reaction with belite to form stratlingite, as defined in Eq. 1.3 [20], [55], [57].

Aluminium hydroxide loses its bound water and exhibits an endothermic peak at
around 250-280 °C [20], [48], [81], [111], but this was not identified by X-ray diffraction
due to its amorphous nature [44], [56]. TGA shows that, at elevated temperatures, more
aluminium hydroxide forms initially, indicating that the formation of aluminium
hydroxide is promoted at high temperatures, as has been reported previously [72], [74],
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[81]. More aluminium hydroxide is observed in BCSA-Y than in BCSA-B, due to the
lower belite content of the former.

In BCSA-B, stratlingite is identified after 7 days of hydration, while in BCSA-Y it is
not identified until 150 days at 5 °C and after 28 days at ambient and elevated
temperatures. This is due to the fact that less belite is present in BCSA-Y and because
belite hydration is slower at low temperatures. Part of the strétlingite might be
amorphous or poorly crystalline, however, and thus be difficult to detect by XRD. At
higher temperatures, the amount of stratlingite significantly decreases - after 28 days in
BCSA-B and after 150 days in BCSA-Y - coinciding with the formation of siliceous
hydrogarnet, which precipitates due to the hydration of ferrite [20], as defined in Eq. 1.6.

a) BCSA-B, 1d b) BCSA-B, 7d
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Figure 5.8: Comparison of the phase assemblages of cement mixture BCSA-B at different
temperatures as determined by quantitative X-ray diffraction. Am = amorphous, E =
ettringite, F' = ferrite, G = gypsum, Ms = monosulfate, Pc = periclase, S = strétlingite,
Si-Hg = siliceous hydrogarnet, Y = ye’elimite. The data for 20 °C was taken from [89].
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Figure 5.9: Comparison of the phase assemblages of cement mixture BCSA-Y at different
temperatures as determined by quantitative X-ray diffraction. Am = amorphous, E =
ettringite, F' = ferrite, G = gypsum, Ms = monosulfate, Pc = periclase, S = stréitlingite,
Si-Hg = siliceous hydrogarnet, Y = ye’elimite. The data for 20 °C was taken from [89].
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Figure 5.10: Thermogravimetric analyses of cement pastes BCSA-B (a) and BCSA-Y (b)
at 1 day of hydration at different curing temperatures. AHs; = aluminium hydroxide, C—
S—H = calcium silicate hydrate, E = ettringite, G = gypsum, and Ms = monosulfate.
The data for 20 °C was taken from [89].
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Figure 5.11: Thermogravimetric analyses of cement pastes BCSA-B (a) and BCSA-Y (b)
at 7 days of hydration at different curing temperatures. AH; = aluminium hydroxide, C
—S—H = calcium silicate hydrate, E = ettringite, G = gypsum, Ms = monosulfate and
S = stratlingite. The data for 20 °C was taken from [86].
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Figure 5.12: Thermogravimetric analyses of cement pastes BCSA-B (a) and BCSA-Y (b)
at 28 days of hydration at different curing temperatures. AH; = aluminium hydroxide, C
—S—H = calcium silicate hydrate, E = ettringite, G = gypsum, Ms = monosulfate, S =
stratlingite, and Si-Hg = siliceous hydrogarnet. The data for 20 °C was taken from [86].
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Figure 5.13: Thermogravimetric analyses of cement pastes BCSA-B (a) and BCSA-Y (b)
at 150 days of hydration at different curing temperatures. C—S—H = calcium silicate
hydrate, E = ettringite, G = gypsum, Ms = monosulfate, S = strétlingite, and Si-Hg =
siliceous hydrogarnet. The data for 20 °C was taken from [89].

Higher amounts of siliceous hydrogarnet are observed at elevated temperatures,
especially at 60 °C, which was also confirmed by the TGA data. When more belite
hydrates, siliceous hydrogarnet and possibly also C—S—H form on the expenses of
stratlingite as suggested by the modelling (see section 5.3.5). This increased amount of
siliceous hydrogarnet at elevated temperatures is in agreement with other observations in
both Portland and calcium sulfoaluminate cements [49], [63], [72]. In a recent study by
Chitvoranund et al. [83] small amounts of siliceous hydrogarnet were observed in a belite-
ye’elimite system, but only at 60 °C, as there was not a significant amount of ferrite
present in the cement clinker. The precipitation of siliceous hydrogarnet is favoured at
increased temperatures due to kinetic reasons [72], [112], a certain amount is also
detected in this study at both 20 °C and 40 °C, observed after 28 days of hydration in
BCSA-B and after 150 days in BCSA-Y.

The bound water contents as derived from TGA are shown in Figure 5.14, where the
different amounts of ettringite are primarily reflected in the amounts of bound water.
Thus, bound water content is higher in the ye’elimite-rich cement compared to the belite-
rich cement, where more ettringite has formed in this cement. Although the amount of
bound water after 1 day of hydration is significantly lower at 5 °C than it is at higher
temperatures, both BCSA-B and BCSA-Y reach comparable bound water contents after
150 days with the exception of 60 °C, in agreement with the observed amounts of
ettringite.
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Figure 5.14: Bound water, as determined by thermogravimetric analyses up to 150 days
of hydration (normalized to anhydrous cement) at different temperatures and plotted
against curing time. The data for 20 °C was taken from [89].

5.3.4 Microstructural Characterization of the Hydrate Phases

Figures 5.15-5.18 show SEM/BSE images of polished sections of the BCSA-B and BCSA-
Y cement at 150 days of hydration at different temperatures. All samples have a dense
matrix with low porosity. At elevated temperatures (40 and 60 °C), the microstructure is
less dense and the hydration products are more heterogeneously distributed in
comparison to samples cured at lower temperatures, where individual hydration products
are harder to detect. Previous studies on Portland cements and calcium sulfoaluminate
cements have shown that the heterogeneity of cement pastes is increased at higher
temperatures as a result of the faster hydration [65], [72], [113]. Grains of anhydrous
clinker are present at 5 °C, as shown in Figure 5.15. At elevated temperatures (Figures
5.16-5.18), smaller and less anhydrous grains are present in comparison to at 5 °C,
confirming a higher degree of hydration as observed by XRD. Similar findings have been
reported previously [72]. EDXS analysis reveals that the matrix consists of ettringite,
AFm phases (monosulfate, stritlingite, hydrogarnet) and C—S—H. Ettringite is far more
prominent in the BCSA-Y mixture than it is in BCSA-B. The amount of ettringite is also
lower at elevated temperatures, in agreement with both the XRD and TGA observations
and the thermodynamic modelling. It is difficult to differentiate between monosulfate and
stratlingite in the BSE images; monosulfate usually appears as platelets, while stratlingite
is formed of elongated shapes. C—S—H is finely distributed in the interstitial free space
between ettringite and monosulfate and, in contrast to Portland cement, does not form
around the calcium silicate clinker phases (in this case only belite) [105].
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Figure 5.15: SEM/BSE images of the BCSA-B (a) and BCSA-Y (b) cements cured at 5
°C at 150 days of hydration, showing the residual clinker phases and hydration products
that precipitated. C = unhydrated clinker, E = ettringite, AFm = monosulfate and/or
stratlingite.
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Figure 5.16: SEM/BSE images of BCSA-B (a) and BCSA-Y (b) cements cured at 20 °C
at 150 days of hydration, showing the residual clinker phases and hydration products
that precipitated. C = unhydrated clinker, AFm = monosulfate and/or stritlingite.
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Figure 5.17: SEM/BSE images of BCSA-B (a) and BCSA-Y (b) cements cured at 40 °C
at 150 days of hydration, showing the residual clinker phases and hydration products
that precipitated. C = unhydrated clinker, E = ettringite, AFm = monosulfate and/or
stratlingite.
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Figure 5.18: SEM/BSE images of BCSA-B (a) and BCSA-Y (b) cements cured at 60 °C
at 150 days of hydration, showing the residual clinker phases and hydration products

that precipitated. C = unhydrated clinker.

The results of EDXS analyses are shown as atomic ratio plots (Figures 5.19 and 5.20),
due to the small size of the hydrate phases, and the interaction volume of electrons with
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a sample, which causes X-rays to consist of mixed signals of different phases [114].
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Figure 5.19: EDXS analyses of the BCSA-B (a and b) and BCSA-Y pastes (¢ and d) at
150 days of hydration at different curing temperatures. Grey squares = pure phases: B =

belite, C—S—H = calcium silicate hydrate, E = ettringite, Ms = monosulfate, S
stratlingite and Si-Hg = siliceous hydrogarnet.
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The results show that the phase composition of the hydrate assemblage changes with
temperature, as well as with the compositions of the cement clinker (Figure 5.19). At 5
°C, EDXS analyses indicate the presence of ettringite and monosulfate in BCSA-B at 150
days, as the EDXS points are located in the area between the composition of these
phases. Furthermore, some stratlingite and C—S—H are detected. This is in agreement
with the XRD and TGA results, which indicate the formation of ettringite, monosulfate
and strétlingite. It is not, however, possible to clearly identify C—S—H with either of
those two methods. Similarly, both ettringite and monosulfate are observed at 20 °C, yet
it can be seen that more data points are located towards monosulfate rather than
ettringite compared to 5 °C. Data points between ettringite and stratlingite confirm the
formation of stritlingite. Some data points also occcur between monosulfate and C—S—H.
At 40 and 60 °C only a small number of data points are located towards ettringite, while
the main share is directed towards monosulfate and C—S—H. In addition, it can be seen
that less or almost no stritlingite is present, as only a few points are close to this phase -
this also corresponds with the XRD and TGA results.

In contrast to the BCSA-B cement, in BCSA-Y significantly more data points are
directed towards a composition of ettringite. Monosulfate is also indicated, and more
data points related to this phase are present at elevated temperatures. The trend towards
stratlingite at elevated temperatures is more pronounced in BCSA-Y than it is in BCSA-
B. A low C—S—H content may also occur in BCSA-Y, as data points in the area near the
composition of C—S—H are visible. According to EDXS, siliceous hydrogarnet could be
present in both cements.

Figure 5.20 plots the graphs of different atomic ratios of samples cured at 20 °C at 1,
7, 28 and 150 days of hydration. In BCSA-B, EDXS analyses confirm the presence of
ettringite as the main hydration product at 1 day of hydration, as was also detected by
X-ray powder diffraction. At 7 days of hydration, a small number of data points are
located towards monosulfate, whilst the majority of data points are located towards
stratlingite. After 28 and 150 days of hydration, in addition to the presence of
stratlingite, a much more visible trend is evident between the compositions of
monosulfate and C—S—H.

In BCSA-Y, the data points at 1 day are far more dispersed, probably due to the
presence of unreacted ye’elimite and gypsum. At all hydration times, the data points are
primarily directed towards ettringite. A trend towards strétlingite is observed at 150
days. A small amount of C—S—H seems to be indicated at all hydration times, as a few
points are also close to this phase.
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Figure 5.20: EDXS analyses of the BCSA-B (a and b) and BCSA-Y pastes (b and c) at
20 °C at different curing times. Grey squares = pure phases: B = belite, C—S—H =
calcium silicate hydrate, EE = ettringite, Ms = monosulfate, S = stritlingite, Si-Hg =
siliceous hydrogarnet and Y = ye’elimite.

5.3.5 Thermodynamic Modelling of Phase Development with Time
and Temperature

Figures 5.21 and 5.22 show the modelled hydrate assemblages of the BCSA-B and BCSA-
Y cements with ongoing hydration at 5 °C, 20 °C, 40 °C and 60 °C. In both the systems
investigated (BCSA-B and BCSA-Y), the stable hydrate phases calculated at all
temperatures are ettringite, monosulfate, stratlingite, C—S—H, siliceous hydrogarnet, and
hydrotalcite. Aluminum hydroxide is only formed in the BCSA-Y cement at 20 °C, 40 °C
and 60 °C, and traces of portlandite and brucite are present in the early ages - something
that was not observed experimentally. The occurrence of these phases may also be an
artifact of the different reaction degrees fitted for ye'elimite and belite. In general,
differences in the amount of hydrate phases between various temperatures are predicted
based on the faster kinetics seen at higher temperatures and are in agreement with the
experimental data. Ettringite is the main hydration product predicted at early ages,
resulting from the fast hydration of ye’elimite and gypsum. When gypsum is depleted,
monosulfate forms, at the expense of ettringite. As the temperature increases, a higher
amount of monosulfate is predicted, whilst the amount of ettringite is reduced.
Significantly more ettringite and less monosulfate are calculated in BCSA-Y compared to
in BCSA-B. Furthermore, the higher amount of ettringite in BCSA-Y results in a lower
amount of pore solution, as ettringite consumes more water. The modelling indicates the
presence of stratlingite, C—S—H and siliceous hydrogarnet in both cements, which is in
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agreement with the XRD, TGA and EDXS data. More stritlingite is predicted by
thermodynamic modeling than was determined experimentally, suggesting that
stratlingite is also present in an X-ray amorphous form, as has also been reported
elsewhere [105]. The models predict a higher quantity of C—S—H at elevated
temperatures, as more belite reacts.
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Figure 5.21: Thermodynamic models of the phase assemblages in the BCSA-B cement as
a function of hydration time at curing temperatures 5 °C (a), 20 °C (b), 40 °C (c) and 60
°C (d).
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Figure 5.22: Thermodynamic models of the phase assemblages in the BCSA-Y cement as
a function of hydration time at 5 °C (a), 20 °C (b), 40 °C (c) and 60 °C (d).

5.3.6 Compressive Strength

Results of the compressive strength measurements on the BCSA-B and BCSA-Y cements
cured at different temperatures are shown in Figure 5.23.
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Figure 5.23: Development of compressive strength in the BCSA-B (a) and BCSA-Y (b)
cement at different curing temperatures. The data for 20 °C was taken from [89].

Both cements exhibit rapid early strength development at 20 °C, 40 °C and 60 °C, as
a result of the fast reaction of ye'elimite and gypsum with water and the consequent
formation of ettringite, which significantly contributes to early strength [25], [59], [63],
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[65], [105]. In both cements, strength development is rather slow at 5 °C, which is in
agreement with other studies [65], [81], [104], [105]. Results from X-ray diffraction and
thermogravimetric analysis show that, in BCSA-B, gypsum is fully consumed within the
initial 24 hours of hydration at 20 °C, 40 °C and 60 °C, while at 5 °C, a small amount
remains unreacted. In BCSA-Y, a far higher amount of unreacted gypsum remains
present at 5 °C, which results in lower strength after 1 day of hydration compared to in
BCSA-B.

The results show that, in both cements, the compressive strength at late ages
increases as the curing temperature increases. In BCSA-B, the highest compressive
strength after 150 days (38.3 MPa) is attained at 60 °C, followed by those cured at 40 °C
(30.7 MPa) and 20 °C (30.3 MPa), while at 5 °C the compressive strength is only 22.1
MPa. In BCSA-Y, the values of compressive strength were 51.3 MPa, 49.3 MPa, 45.7
MPa and 38.2 MPa at 60 °C, 40 °C, 20 °C and 5 °C, respectively. While studies on
ordinary Portland cement and calcium sulfoaluminate cements have reported that
compressive strength decreases at higher curing temperatures, previous studies on belite
cements have shown that compressive strength actually increases at elevated
temperatures [106], [115], [116], as a result of the increased degree of belite hydration. In
the case of the present study, the increased hydration of belite at elevated temperatures,
which takes place beyond 7 days of hydration, led to the formation of additional space-
filling hydrates such as stritlingite, C—S—H and siliceous hydrogarnet, causing an
increase in strength at elevated temperatures [83], while recent studied showed that the
increase of strength might be even higher at 60 °C but is not due to the heterogenous
microstructure and micro-cracks that occur on the mortar samples [83].

Comparing the two cements, it can be observed that BCSA-Y develops a higher
compressive strength than BCSA-B, probably due to the higher ye'elimite content and
the associated increase in the formation of ettringite. At 5 °C, however, the early
compressive strength in BCSA-Y is lower than it is in BCSA-B, due to the slow
hydration of ye'elimite during the first 24 hours at this temperature.

Figure 5.24a depicts the comparison between bound water as determined by with the
compressive strength measured at the various temperatures investigated. As the bound
water content increases, higher compressive strengths are found, as a greater volume of
hydrates forms. It is worth noting that, even at 5 °C, when the compressive strength is
lowest, a significant amount of water is still bound. As expected, the compressive
strength increases as the porosity, derived from thermodynamic modelling, decreases, as
shown in Figure 5.24b.

a) b)

55 55

BCSA-B
? & i BCSA-B
504 © 5°C A 504 i 5°C
20°C A A .,

—454  w 40°C — 454 207
mau- = 60°C g 0l « 40°C
= BCSA-Y . A =3 A . = 60°C
£35] o 5°C . & £ 35 & BCSAY
g 20°C o A 5%
L34 4 40°C L & £ 304 Sak "o 20°C
w o w
w5 4 80C " o 25 " a 4 40°C
? ) 7 4 80°C
] 20 L @ 204 L]
E1s g 15
§ y o 3 -

10 . 187 = =

=]
5 5
a a
0 T T T T T T T T T T T d 0 T T T T T T 1
6 8 10 12 14 16 18 20 22 24 26 28 30 20 25 30 35 40 45 50 55
Bound water (g/100g cement) Porosity (vol.%)

Figure 5.24: (a) Bound water, determined by TGA, versus compressive strength
measured in BCSA-B and BCSA-Y. (b) Calculated total porosity derived from
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thermodynamic modelling versus compressive strength measured in BCSA-B and BCSA-
Y. The data for 20 °C was taken from [89].

5.3.7 Thermodynamic Modelling of the Effect of Temperature on the
Hydrate Assemblage

The modelled phase composition of the BCSA-B cement paste at late ages according to
temperature is plotted in Figure 5.25a. The stable hydrate phases predicted across the
whole temperature range, from 0 to 85 °C, are siliceous hydrogarnet, C—S—H,
monosulfate and hydrotalcite. Low amounts of ettringite are calculated to be present
between 0 and 25 °C. Traces of katoite are predicted to occur between 55-70 °C,
although in reality the additional aluminium may instead be bound in C—S—H, which
was not taken into account in the modelling. Above 70 °C, small amounts of portlandite
are calculated to be present, as well as more belite reacts at higher temperatures. C—S—
H and monosulfate are the most abundant phases, followed by siliceous hydrogarnet,
which is calculated to be present across the whole temperature range as a result of the
hydration of ferrite and belite. The hydration state of monosulfate can, however, vary
according to temperature [117]. At a low temperature, monosulfate with 14 waters
(C4A§H14) is predicted, while above 20 °C, instead monosulfate with 16 waters
(C4A§H16) is calculated. Aluminium hydroxide is predicted to be absent at the high
reaction degrees considered.
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Figure 5.25: Phase assemblages, calculated in ¢cm?® per 100 g unhydrated cement, for the
belite-rich BCSA-B (a) and the ye’elimite-rich BCSA-Y (b) cements, shown as a function
of temperature. The lines indicate the samples studied experimentally at 5 °C, 20 °C, 40
°C and 60 °C. The reaction degrees of 100% in ye’elimite, ferrite, periclase and mayenite
correspond to the reaction degree observed at approximately 150 days, as discussed in
section 5.3.3. The reaction degree of belite was assumed to increase linearly with
temperature based on X-ray diffraction data.

For BCSA-Y (Figure 5.25b), the phases calculated are siliceous hydrogarnet, C—S—
H, stratlingite, ettringite, monosulfate and hydrotalcite. It is worth noting that, as the
Al-uptake in C—S—H was neglected during modelling, due to a lack of experimental
data, it is likely that the amount of stréitlingite is overpredicted. The amounts of phases
calculated are not significantly impacted by temperature. The amounts of strétlingite, C
—S—H and siliceous hydrogarnet remain almost the same between 0 and 85 °C, while
the quantity of ettringite decreases, and the amount of monosulfate increases at higher
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temperatures. The amount of pore solution is lower than that in BCSA-B, due to the
greater presence of water-rich ettringite, and slightly increases at higher temperatures.
The higher content of ye’elimite in the BCSA-Y cement results in the formation of more
ettringite and stritlingite than occurs in BCSA-B, while the lower belite content of
BCSA-Y means less C—S—H is predicted.

These observations agree well with the long-term composition observed
experimentally, with the exception of hydrogarnet, where we have observed
experimentally more hydrogarnet at higher temperature. This difference is related to the
slow formation kinetics of hydrogarnet at increased temperatures due to kinetic reasons
[72], [112], while during thermodynamic modelling immediate precipitation was assumed
at all temperatures.

5.4 Conclusions

Different curing temperatures change the type of hydrates and their amounts. Higher
temperatures expedite the dissolution of anhydrous phases, an effect most noticeable in
hydration of ye’elimite. At 5 °C, the degrees of hydration of ye’elimite, gypsum and belite
are lower than at ambient and elevated temperatures. The reaction of belite is promoted
in the first 24 hours, slowing down later, but after 150 days at 60 °C it still reaches a
reaction degree of nearly 90 %. In contrast, the reaction degree of belite after 150 days at
5 °C is only around 50 %.

At 20 °C, 40 °C and 60 °C, more monosulfate but less ettringite precipitate in BCSA
cements, due to an increase in the solubility of ettringite at higher temperatures; at 5 °C,
on the other hand, a high amount of ettringite is present. The precipitation of aluminium
hydroxide is associated with the hydration of ye’elimite, and its formation is only
observed at early reaction times; aluminium, on the other hand, is taken up in C—S—H,
siliceous hydrogarnet and AFm-phases at later ages, once belite and ferrite have already
reacted to some extent. Despite the fact that the hydration of belite is slower at lower
temperatures, the amount of stritlingite actually decreases at elevated temperatures, due
to the formation of siliceous hydrogarnet, which takes up aluminum from stratlingite.
The formation of siliceous hydrogarnet is favoured at higher temperatures and is not
detected at 5 °C. According to EDXS analysis, more C—S—H precipitated at higher
temperatures as more belite reacted. In the early ages, phase composition changes
significantly from 5 °C to 20 °C and 40 °C to 60 °C, whereas between 20 °C and 40 °C
they remain relatively consistent. On the other hand, at later ages, the compositions of
40 °C and 60 °C are more similar than those between 20 and 40 °C. When the cement
clinker contains less belite, its composition changes continuously with increasing
temperature.

At low temperatures (i.e. 5 °C), the microstructure is denser, and the distribution of
hydration products is more homogenous, due to the slower hydration. When the
temperature is increased from 20 to 60 °C, however, the microstructure becomes more
and more heterogeneous, and the hydration products can be easily differentiated. Less
anhydrous grains are visible at higher temperatures, indicating a higher degree of
hydration. C—S—H is found in the interstitial free space between grains of ettringite and
monosulfate.

Early compressive strength is significantly lower at 5 °C compared to at 20 °C, 40 °C
and 60 °C. At late ages, the compressive strength is greater at higher curing
temperatures, due to the increased hydration of belite at elevated temperatures, which
leads to the formation of strétlingite, C—S—H and siliceous hydrogarnet, however the
amount of ettringite decreases at later ages. Compressive strength shows a positive
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correlation with bound water and a negative correlation to the calculated total porosity,
as more volume filling hydrates form (increasing bound water) and fill the pores
(decreasing porosity) leading to higher compressive strength.

Thermodynamic modelling confirmed that temperature primarily affects the reaction
kinetics of belite-ye’elimite-ferrite cements and has a much lesser effect on the type of
hydrates formed. Hydration kinetics are accelerated when the curing temperature is
increased. At 5 °C the hydration is rather slow, while at elevated temperatures the
clinker reactions occur significantly faster. The experimental results agree well with the
thermodynamic modelling, which, in addition to ettringite, calculates aluminum
hydroxide, monosulfate, striatlingite, C—S—H and siliceous hydrogarnet to be the main
stable hydrate phases at all temperatures. Hydrotalcite, portlandite and brucite were
calculated as minor phases. As the temperature increases, less ettringite and more
monosulfate are predicted. Furthermore, higher amounts of C—S—H are calculated at
elevated temperatures, due to the higher reaction degree of belite.

Finally, the results also show that the composition of the cement clinker affects both
the type and amount of hydrates formed. At early ages, more heat is generated, and
more bound water is observed in the ye’elimite-rich BCSA-Y compared to in BCSA-B,
due to the formation of more ettringite in the BCSA-Y clinker. The compressive strength
is also higher in BCSA-Y than it is in BCSA-B, due to the presence of more ettringite
both early and late in the hydration process. More stritlingite precipitates in the BCSA-
Y cement, which has a higher amount of ye’elimite, while in the belite-rich BCSA-B
cement more siliceous hydrogarnet and C—S—H form, due to the higher availability of
calcium. This trend is more pronounced at elevated temperatures, where a higher amount
of stritlingite is detected in BCSA-Y compared to in BCSA-B.
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Chapter 6

Influence of Different Secondary Raw
Materials on the Physico-Mechanical
Properties and Hydration Evolution
of Belite-Ye'elimite-Ferrite Cement at

Different Curing Temperatures

This chapter is based on previously unpublished results. The data presented are from
part of a study investigating the influence of different secondary raw materials on the
physico-mechanical properties and hydration evolution of belite-ye'elimite-ferrite cement

at different curing temperatures.
This chapter addresses the thesis objectives 1, 2, 3 and 5.

6.1 Introduction

Currently, the general direction in the cement industry is to employ alternative raw
materials in the manufacture of cement clinker. With this in mind, various materials,
particularly waste and by-products generated from different industrial processes, have
been suggested as potential substitutes for this objective [118]. In recent years,
researchers have shown significant interest in construction and demolition waste (CDW)
which is generated in large quantities worldwide [119], [120]. The construction industry
alone is estimated to produce over 3 billion tons of CDW annually on a global scale [121].
The predominant use of concrete from construction and demolition waste is for the
production of mortar and concrete as recycled aggregates. Recycled aggregates are,
however, of lower quality compared to natural aggregates, due to the presence of residual
hydrated cement [120]. Generally, the incorporation of recycled aggregates tends to have
a detrimental impact on the properties of concrete, causing strength loss [122]. The fine
fraction of concrete waste, which consists of a combination of residue from coarse and
fine aggregates and hydrated cement paste, is also used, as a replacement of clinker in
cement [123], furthermore, according to cement standard EN 197-6 the use of recycled
concrete fines in cements is allowed. Another industrial residue is red mud, which is
derived from the Bayer alumina production process using bauxite ore [124]-[126]. The
global annual production of red mud is estimated to be around 70 million tons [127]. Due
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to its highly alkaline nature, red mud is classified as hazardous waste and poses a risk for
soil and groundwater contamination if disposed of in landfills. The proper disposal of red
mud consequently presents a significant environmental concern, emphasizing the need for
its re-utilization. In recent years, researchers worldwide have extensively explored the
potential utilization of red mud, leading to a substantial body of research in this area
[126], [128]-[133].

The use of alternative binders such as calcium sulfoaluminate cements offers an
opportunity to reduce the environmental footprint since they allow the utilization of
various industrial residues as alternative raw materials for their production [20], [28],
[134], [135]. Nevertheless, it should be noted that the use of such raw materials may lead
to an increase in the concentration of minor elements such as iron, alkalis, phosphorus, as
well as heavy metals, in the resulting clinker [134]. When incorporating minor elements
into cementitious binders, various minor components such as gehlenite, periclase,
mayenite, perovskite, arcanite, thenardite and aphthitalite can form, which can
significantly affects the hydration kinetics, composition, and microstructure pore solution
chemistry, and early-age properties of the resulting material [134], [136], [137].

Mayenite, also known as Ci2A7, belongs to the calcium aluminate group of
compounds. In recent years, it has gathered more attention in research owing to its
ability to accelerate the hydration of cement. Experimental findings have shown that the
formation of ettringite is accelerated, which explains the enhanced early hydration
kinetics [138]. The dissimilarities observed are primarily attributed to the rapid
dissolution of mayenite, and alters the Ca/Al ratio of the solution, leading to the
accelerated formation of ettringite and a faster depletion of sulfate from the solution
[138]. Mayenite dissolves fast, thereby increasing the concentration of aluminum and
calcium ions. As a result, the initial hydration stage is accelerated, while the other
hydration periods are shortened [138]. When mayenite is replaced in greater quantities,
the consumption rates of gypsum and calcite, which are typically present in ordinary
Portland cement, are accelerated [139]. As a result, the amount of ettringite is altered
and the precipitation of carbonate phases (e.g. calcium monocarboaluminate and calcium
hemicarboaluminate) occurs. Consequently, the microstructural properties of the
hydrated products of ordinary Portland cement are affected, thus influencing the
compressive strength [138]-[140]. The hydration of Ci2A; can be influenced by various
factors. Wang et al. [141] observed that increasing the initial alkalinity accelerates the
hydration of CpAr. In another study by Damidot et al. [142], it was shown that the
presence of gypsum significantly enhances the hydration of CpAr the amount of
aluminium hydroxide (AHs) produced from the hydration of Ci2A; with gypsum was
approximately twice as high as that observed in the control group. A study by Koehler et
al. [143] investigating the effect of mayenite on calcium aluminate cement (CAC) showed
that the dissolution of mayenite significantly affects early hydration at different
temperatures (10, 23, and 35 °C). Upon the addition of water, mayenite was observed to
rapidly dissolve, suggesting that even small amounts of mayenite could accelerate and
modify the early hydration process. This reaction is greatly accelerated at low
temperatures, which are typically associated with slower reactions. The effect is not as
pronounced at moderate temperatures, although the reaction is still accelerated.
Surprisingly, during hydration at high ambient temperatures (35 °C), the reaction is not
accelerated, and may even be slightly delayed. Numerous investigations by various
authors have focused on the hydration of pure CpA; [144], [145], and the results
demonstrate that higher temperatures enhance phase reactivity and reduce their initial
hydration period. At a low temperature (4 °C), the formation of calcium aluminate
decahydrate (CAHi) was observed as expected, but, additionally, the formation of
CyAHs, a compound that is not typically formed at such low temperatures, was also
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identified. Just below 20 °C, a mixture of CAHy and C,AHs was observed [144], [145]. At
moderate temperatures (20 to 30 °C), only C;AHs was found [144], [145].

Gehlenite (C,AS), another phase in cement, belongs to the melilite mineral group
[146]. Alongside belite, C;AS is one of the clinker minerals found in low-energy cements.
During the burning process of ordinary Portland cement, gehlenite forms as an
intermediate clinker product [40]. Gehlenite can be present in significant amounts and is
not entirely inert but feebly hydraulic [56], [147]. Similar to calcium aluminate cements,
some gehlenite can react and transform into strétlingite in the long term [56], [148].
While gehlenite is generally considered to be almost inert, glass with a gehlenite
composition [149] or gehlenite with a very fine particle size [146], exhibit higher
reactivity. In calcium aluminate cements, it has been observed that gehlenite, especially
at elevated temperatures, may partially react, as it contains more aluminum oxide than
the stoichiometric amount [150]. Furthermore, it is suggested that impurities such as
sodium or potassium have the potential to enhance the reactivity of gehlenite [151].

Periclase (MgO) is considered a minor phase within cement clinker. In clinker
production, limestone is typically used as the primary calcareous raw material [152].
MgO is usually added to the raw meal in a controlled amount in order to enhance its
reactivity, thus promoting clinker formation [21], [153], enhancing performance, and
reducing the energy required for grinding [154]. It has been observed that magnesia
present in cement clinker primarily exist as free MgO, commonly known as periclase. A
small portion of magnesia may dissolve in the liquid phase and clinker minerals, however,
leading to its amorphous form, which becomes incorporated into the lattice structure.
During calcination of the clinker, the MgO content in the liquid phase can reach
approximately 5 %, corresponding to 1 %2 % of the overall clinker composition [40].
When the MgO content in the liquid phase exceeds 5 %, however, the excess amount
from the liquid phase crystallizes as periclase [40]. Only about 2 % of MgO in the clinker
is capable of dissolving into alite, belite, interstitials, and the glass phase, while any
excess MgO crystallizes as periclase [155]. During the hydration of cement, MgO reacts
with water to form magnesium hydroxide (MH). The presence of Mg*" is a crucial factor
in determining the stability and mechanical properties of the cement’s hydration
products. According to research conducted by de Weerdt et al. [156] on concretes exposed
to seawater, Mg®" ions can form magnesium silicate hydrates (M—S—H) and magnesium
aluminate hydrates. In a separate study by Whittaker et al. [157] investigating slag
cement pastes exposed to sulfate ions, it was observed that Mg tends to form an
independent phase.

The presence of various alkali sulfates can be observed in cement clinker, including
arcanite (K»SO.), thenardite (Na,SO.), aphthitalite (K;NS,) and calcium langbeinite
(KCsS3) [158], [159]. When the mass ratio of SO3/(Ks0+Nas0) is below 1 and the mass
ratio of potassium oxide to sodium oxide exceeds 3, alkali sulfates are likely to occur in
the form of arcanite, aphthitalite, and calcium langbeinite. If the mass ratio of potassium
oxide to sodium oxide is below 3, the alkali sulfates tend to appear as aphthitalite and
thenardite [158]. According to the findings by Kumar and Rao [160], the introduction of
arcanite and thenardite leads to a delay in setting time. Samet and Sarkar [161]
highlighted that the alkali ions present in alkali sulfates tend to accelerate the setting
process, whereas the sulfate ions in alkali sulfates tend to slow it down. Numerous studies
have consistently reported that alkali sulfates in Portland cement promote early strength
development but result in a decrease in compressive strength after 28 days [162], [163]. A
study conducted by Odler and Wonnemann [164], investigating the impact of alkalis as
sulfates of sodium and potassium in Portland cement, setting time was reduced in both
cases, but it was significantly shortened when potassium sulfates were used. This
phenomenon was attributed to the formation of syngenite.
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In contrast, the hydration of calcium sulfoaluminate cement has been shown to be
slightly delayed, if they contain alkalis at low or moderate concentrations [165]. This
slower reaction rate explains the lower mechanical strength at early stages and the
subsequent increase in strength at later stages due to a higher degree of reaction of
calcium sulfoaluminate cement reaction and the presence of crystalline hydrates.

The presence of arcanite, thenardite, and aphthitalite in Portland cement led to a
notable decrease in 28-day compressive strength and an increase in drying shrinkage
[159]. They increase the initial heat evolution of cement, particularly of the main peak.
The presence of alkali sulfates promotes the formation and growth of C—S—H and
portlandite during hydration [159]. When aphthitalite is introduced, early hydration is
slowed, but the induction period is shortened. Moreover, the presence of aphthitalite
enhances the acceleration period [166]. Furthermore, aphthitalite or calcium langbeinite
amplifies both the initial heat release and the subsequent heat release peaks. Early
strength is increased, but the 28-day strength is decreased. In the presence of
aphthitalite, the formation of ettringite is inhibited during the early stages of cement
hydration [167].

Significant research has been conducted to investigate the effect of various minor
phases on cement hydration, particularly with respect to Portland cement. There are
still, however, notable gaps in understanding how these minor phases influence hydration
at different temperatures. In addition, despite the available studies, the knowledge
regarding the effects of minor phases, present from introducing different secondary raw
materials in cement clinker, on the hydration and strength development of belite-
ye'elimite-ferrite cements remains quite limited.

In this study, the physico-mechanical properties and hydration evolution of belite-
ye’elimite-ferrite cement containing different secondary raw materials (waste concrete
and red mud) were investigated at 5 °C, 20 °C and 60 °C. The composition of the
hydration products was studied using X-ray powder diffraction and thermogravimetric
analysis. Compressive strength and porosity measured by mercury intrusion porosimetry
were determined. The hydration kinetics was studied by isothermal calorimetry.
Furthermore, for selected samples nuclear magnetic resonance spectra were obtained and
the microstructure was assessed by transmission electron microscopy.

6.2 Materials and Methods

6.2.1 Materials

Three belite-ye’elimite-ferrite cement clinkers having the targeted phase composition of
65 wt. % belite (CS), 20 wt. % ye’elimite (CiAsS) and 10 wt. % ferrite (C,AF) were
synthesized for the study. Clinker CNAT was prepared using the following natural raw
materials: limestone, flysch, calcined bauxite, white titanogypsum and mill scale. In
clinkers CCON and CRMD secondary raw materials were also included, waste concrete
and red mud, respectively. The chemical composition of the raw materials, as determined
by X-ray fluorescence is given in Table 6.1. The materials were proportioned using a
modified Bogue method [23] (Table 6.2).

Table 6.1: Chemical compositions of the raw materials used (wt. %).

. Calcined  Titano- Mill . Waste Red
Limestone  Flysch ) Calcite
bauxite  gypsum scale concrete mud

CaO 47.01 25.50 0.28 38.07 0.19 95.39 40.73 10.60
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SiO. 4.64 31.30 4.91 0.21 1.08 0.00 8.99 8.18
ALO; 0.93 7.57 87.91 0.33 0.20 0.17 1.46 25.13
Fe,O3 1.78 3.43 1.20 0.15 95.75 0.02 0.61 29.44
MgO 0.90 1.59 0.41 0.13 0.29 0.80 7.14 0.82
K>O 0.14 1.33 0.38 0.01 0.02 0.01 0.16 0.18
Na,O 0.81 0.54 0.08 0.26 0.67 0.00 0.27 5.08
TiO, 0.04 0.38 3.81 0.72 0.01 0.00 0.06 3.56
P05 0.04 0.08 0.13 0.00 0.06 0.01 0.03 0.18
Cry0s3 0.02 0.02 0.06 0.02 0.08 0.00 0.01 0.10
MnO 0.04 0.07 0.01 0.01 0.60 0.00 0.08 0.20
SO; 0.08 0.14 0.00 36.64 0.01 0.01 0.27 1.60
L.O.I

. 41.38 25.50 0.28 21.39 0.00 43.79 38.81 12.96

Total ~ 97.81 97.44 99.46 97.93 98.96 99.96 98.62 98.03

Loss on ignition at 950 °C
Table 6.2: Amount of raw materials used in the raw meal (wt. %).
Limestone  Flysch Calcir.lod Titano- Mill Calcite Waste Red
bauxite  gypsum scale concrete  mud

CNAT 48.35 42.05 5.30 3.80 0.45 - - -
CCON 25.20 35.60 5.50 3.55 0.60 1.00  28.50 -
CRMD 47.10 41.30 4.60 3.50 - 1.00 - 2.45

The detailed synthesis of cement clinkers is described in Chapter 2 (paper by
Borstnar et al. [84]). X-ray fluorescence analyses of the clinkers were performed according
to EN 196-2 (Table 6.3), while mineralogical compositions were derived from quantitative
X-ray powder diffraction (Table 6.4). The final phase composition of the cement clinkers
was close to the targeted one. The clinkers were initially ground to a particle size below
0.125 mm using a vibratory disc mill (SIEBTECHNIK Labor Scheibenschwingmiihle TS.

250).

Table 6.3: Chemical analyses of the cement clinkers (wt. %).

CNAT CCON CRMD
CaO 54.50 54.19 54.20
Si0; 22.60 22.36 22.33
ALOs 11.59 11.68 11.31
Fe:O; 3.34 3.593 3.80
MgO 1.65 3.95 1.54
K>O 0.77 0.73 0.72
NayO 0.31 0.30 0.47
TiO; 0.67 0.67 0.76
P20s 0.07 0.07 0.07
Cr:0; 0.07 0.07 0.08
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MnO 0.07 0.09 0.07
SO; 2.54 2.42 2.14

L.O.L
. 0.20 0.50 2.30

Total 98.38 100.56 99.79

Table 6.4: Phase compositions of the cement clinkers determined by X-ray powder
diffraction and Rietveld refinement (wt. %).

CNAT CCON CRMD
-Dicalcium silicate
. 65.7 63.5 64.4
(belite)
y-Dicalcium silicate 3.8 3.3 4.2
Ye'elimite
orthorhombic 91 92 8.2
Ye'elimite cubic 7.0 7.7 6.2
Y. Ye'elimite 16.1 16.9 14.4
Ferrite 7.4 8.5 9.3
Mayenite 3.4 2.5 3.8
Gehlenite 0.5 0.5 0.7
Periclase 1.2 3.3 1.1
Arcanite 1.0 0.9 0.5
Aphthitalite 0.9 0.6 1.6

The cement mixtures NAT, CON and RMD were prepared by blending the ground
clinkers with the appropriate amount of white titanogypsum in order to achieve a
calcium sulfate to ye’elimite molar ratio of 1.5. The cements were then further processed
with a ball mill (CAPCO Test Equipment Ball Mill Model 9VS) to achieve Blaine
specific surface areas of 4800 + 100 cm?/g. The Blaine value for each of the three cement
mixtures was 4880 £ 20 cm?/g. The particle size distributions of the cements were
determined using a laser particle analyzer (SYNC Microtrac MRB). The powders were
dispersed in isopropanol by ultrasound. The results are given in Figure 6.1.
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Figure 6.1: Particle size distributions of cements NAT, CON and RMD.

A water-to-cement ratio of 0.5 was used for the hydration experiments. The cement
pastes were manually mixed for a duration of 3 minutes using a spatula, then cast into
prismatic moulds measuring 10 x 10 x 25 mm. After 24 hours, the specimens were
demoulded and cured in sealed plastic containers at temperatures of 5 °C, 20 °C, and 60
°C The hydration of the cement pastes was stopped by solvent exchange using
isopropanol and diethyl ether at 1, 7, 28, 90 and 180 days. Following the protocol
described by Snellings et al. [91], the crushed samples were immersed in isopropanol for a
duration of 15 minutes. They were then filtered using a Biichner funnel and rinsed once
with isopropanol and twice with diethyl ether. To remove any remaining solvent, the
samples were dried for 8 minutes at a temperature of 40 °C.

6.2.2 Methods

Isothermal conduction calorimetry was conducted at 5 °C, 20 °C and 60 °C using a
Thermometric TAM Air (TA instruments). The experimental procedure involved
manually mixing 4 g of the prepared cement with 2 g of deionized water, resulting in a
water-to-cement ratio of 0.5. Mixing was performed for 3 minutes using a spatula. The
mixture was then transferred into a glass ampoule, capped, and placed directly into the
calorimeter for testing. It is important to note that the initial heat of hydration within
the first 30 minutes could not be determined due to the external mixing method
employed.

X-ray powder diffraction analysis of the cement clinkers and cement pastes was
performed using a PANalytical Empyrean X-ray diffractometer equipped with CuKal
radiation. The detector used was an X'Celerator, and the instrument was operated at a
voltage of 45 kV and a current of 40 mA. To minimize the effects of the preferred
orientation, the samples were back loaded into a circular sample holder with a diameter
of 27 mm. The measurements were carried out in a 20 range of 5-75° with a step size of
0.017 °20. The data obtained were subjected to Rietveld refinement using PANalytical
X'Pert High Score Plus diffraction software (version 4.9). The crystal structures proposed
by Snellings [92] were used, and those provided by Cuesta et al. [46], [93] for the
orthorhombic and cubic ye'elimite structures. For the quantification of amorphous
content and poorly crystalline phases, the G-factor method [94]-[96] was employed, with
corundum (Al,Os, NIST SRM 676a) serving as the external standard. The results were
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normalized to 100 g of dry binder, incorporating the amount of bound water determined
by thermogravimetric analysis.

Thermogravimetric analysis and differential thermal analysis of the cement pastes was
conducted using a Netzsch STA 409 instrument. The measurements were conducted
under a nitrogen atmosphere, using a heating rate of 10 K/min and covering a
temperature range of 30 to 980 °C. Alumina crucibles were used, with approximately 15
mg of sample placed in each crucible. Chemically bound water was calculated from the
weight loss up to 550 °C and normalized to 100 g of dry binder [97].

»Si MAS NMR and Al MAS NMR spectra were obtained for NAT samples at 90
days of hydration at different curing temperatures. Solid-state MAS (magic angle
spinning) NMR spectra were recorded on a Bruker AVANCE NEO 400 MHz NMR
spectrometer equipped with 4 mm CP-MAS probe. Larmor frequencies of "Al and *Si
nuclei were 104.26 MHz and 79.48 Mhz. Sample MAS frequencies were 15 kHz for the
measurements. *"Al spectra were recorded using single pulse sequence of m/2 with a
duration of 3.8us, 4096 scans and a delay between scans of 1s. *Si spectra were recorded
using single pulse sequence of m/2 with a duration of 3.84pus, 982 scans and a delay
between scans of 60 s. The shift axis in all the spectra was referenced using an external
reference of adamantane.

Freshly fractured surfaces of selected cement pastes (only NAT mixture) with
hydration stopped at 90 days at different curing temperatures and carbon coated, were
investigated by transmission electron microscopy to observe the morphology of the
crystalline and amorphous phases and to determine their chemical composition at the
nanoscale. The analyses were performed on FEG-TEM JEM 2010F (Jeol Ltd., Tokyo,
Japan) with 200 KV electron source and equipped with energy dispersive X-ray
spectrometer (EDXS; Oxford Instruments ISIS 300). Around 50 points were analyzed per
each temperature.

The prepared cement pastes with a water-to-cement ratio of 0.5 were cast in 10 mm x
10 mm x 25 mm moulds and then cured at either 5 °C, 20°C or 60 °C at a relative
humidity of 95 & 2 %. The samples were demoulded after 24 hours. After 1, 7, 28, 90 and
180 days, the compressive strengths of the samples were determined using a ToniNORM,
Toni Technic (by Zwick) testing machine. A loading rate of 0.05 kN/s was used, and
measurements conducted on three prisms for each age.

The porosity of the cement samples NAT, CON, RMD, cured at different
temperatures, were examined at 90 days of hydration using mercury intrusion
porosimetry (MIP). Also, porosity depending on the hydration time was examined on
NAT cement mixture at 20 °C. After hydration stoppage, small representative pieces of
each sample (approximately 4 to 5 pieces, weighting 1g in total) were analysed within the
range of 0—414 MPa using penetrometers for solid substrates using a Micromeritics®
Autopore IV 9500 equipment (Micromeritics, Norcross, GA, USA). Two measurements
were performed for each cement sample.

6.3 Results and Discussion

6.3.1 Isothermal Calorimetry

Figure 6.2 shows the comparison of the heat of hydration between the NAT, CON and
RMD cement mixtures at different temperatures, which indicates that the use of different
secondary raw materials influences the hydration kinetics. The presence of mayenite
could play a significant role in kinetics, while it also strongly depends on the curing
temperature. Namely, at a low temperature (5 °C), the hydration of RMD, which
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contains the largest amount of mayenite in cement clinker (3.8 wt. %), is the fastest and
the induction period is the shortest, while the main peak occurs at around 18 hours.
However, on the other side the reaction of CON is the slowest and shows the main peak
around 24 hours as it contains the lowest amount of mayenite (2.5 wt. %), suggesting
mayenite accelerates hydration [138], [139], [144], [145], especially at low temperatures as
shown by Koehler et al. [143]. At 20 °C and 60 °C, the influence of mayenite is not so
well pronounced [143], but the reaction of CON is again shifted to a later hydration time
(4.1 and 1.9 hours, respectively) compared to NAT and RMD (where the main peaks
occurred around 3.8 hours and 1.4 hours at 20 °C and 60 °C, respectively). All three
mixtures display a small shoulder before the first maximum peak at 20 °C, which is
however the smallest in RMD mixture. This could be explained by the fact that XRD
results showed the formation of the lowest amount of ettringite in this mixture at 1 day
of hydration, as this peak is usually attributed to the hydration of ye'elimite and
consequently the precipitation of ettringite. The maximum peak, which represents the
precipitation of monosulfate (and/or ettringite) is greatest in the RMD mixture. At 60
°C, two maximum peaks are observed, where the second peak, which is related to the
formation of monosulfate is higher as at higher temperatures more monosulfate forms
than ettringite due to higher solubility of ettringite at high temperatures [63], [72], [74].
In addition, kinetics is also controlled by the presence of alkali sulfates as arcanite and
aphthitalite are present in cement clinker. Previous studies have shown that alkali
sulfates (arcanite, thenardite and aphthitalite) enhance the acceleration period during
hydration [159], [166], [167], which is also evident at all the temperatures investigated.
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Figure 6.2: Hydration heat flow of the NAT, CON and RMD cements at (a) 5 °C, (b) 20
°C and (c) 60 °C, normalized to the weight of the cement.

The cumulative heat at 7 days of hydration was somewhat similar for all samples at
all three temperatures (Table 6.5); it was, however, slightly lower in CON than in NAT
and RMD at 5 °C and 60 °C, while at 20 °C it was lowest in RMD. Furthermore, the
cumulative heat at 7 days of hydration increased in all mixtures when the temperature
was increased from 5 to 20 °C. At 60 °C, however, it decreased, as was also observed in
Chapter 5, which investigated cement mixtures with the same targeted phase
composition but incorporating different secondary raw material (bottom ash). As
reported elsewhere, after a long time the hydration decelerates more quickly at elevated
temperatures [105] and lower degrees of hydration are often obtained [65].
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Table 6.5: Cumulative heat after 7 days of hydration, normalized to the weight of the
cement, in the NAT, CON and RMD cements at 5 °C, 20 °C and 60 °C.

Cumulative heat (J/g) NAT CON RMD
5°C 194 186 195
20 °C 222 221 212
60 °C 188 182 184

6.3.2 X-ray Powder Diffraction and Thermogravimetric analysis

The hydration process of NAT, CON and RMD cement mixture was investigated at 1, 7,
28, 90 days and 6 months by means of X-ray powder diffraction and thermogravimetry.
Figures 6.3 to 6.5 display XRD patterns of the NAT, CON and RMD cements at 5, 20
and 60 °C, respectively. Phase quantifications of the cements at 5 °C, 20 °C and 60 °C at
various hydration times are presented in Figures 6.6 to 6.9. Results of the
thermogravimetric analysis are shown in Figures 6.10 to 6.12.

The use of different secondary raw materials significantly affects the phase assemblage
of hydrated cement, as well as the formation kinetics and also the composition of
hydrates that form. Secondary raw materials influence the hydration of belite and ferrite
more at 5 °C and less at higher temperatures. This can also be observed in the variations
of strétlingite and the amount of amorphous phase (C-S-H) that forms during the
hydration of belite. Meanwhile, different secondary raw materials do not impact the
hydration of ye'elimite as much as the hydration of belite at all temperatures, as changes
in the quantities of ettringite and monosulfate are less pronounced.

The results showed that after 1 day of hydration at 5 °C only traces (< 0.5 wt. %) of
ye’elimite and gypsum remained in all three mixtures, due to the formation of a high
amount of ettringite and, after the depletion of gypsum, the formation of monosulfate. At
1 day of hydration a higher amount of monosulfate is observed in RMD, suggesting that
the early reactions are faster in this mixture due to the higher mayenite content [13§],
[143]. Conversely, the lowest amount of monosulfate is observed in CON, where the least
mayenite is present. At 7 days of hydration, the quantity of ettringite slightly decreases
while small amounts of monosulfate precipitate. A lower amount of ettringite is observed
in RMD and also lower amounts of monosulfate are present after 7 days of hydration in
NAT and CON. During the hydration of ettringite and gypsum aluminium hydroxide is
also formed as confirmed by TGA analysis with a weight loss around 250-280 °C [111].
Aluminium hydroxide is then consumed in the hydration reaction of belite to form
stratlingite. At 5 °C, stratlingite appears at 7 days of hydration in NAT and CON and
later (at 28 days), in lower amounts, in RMD. Verifying the presence of C—S—H (which
is formed with the hydration of belite) through XRD is difficult, since it is amorphous,
while TGA is also complicated as its primary water loss peak coincides with that of
ettringite [110]. Furthermore, at 5 °C, a higher reaction degree of belite (Figure 6.6) and
more amorphous content is confirmed in RMD at all hydration times compared to NAT
and CON (Figure 6.7), suggesting, in line with previous findings that more C—S—H
forms when a higher amount of alkali sulfate is present [159], as RMD contains higher
amounts of arcanite and aphthitalite. This also suggests that a higher amount of belite
transforms into C—S—H instead of strétlingite, as RMD contains the lowest amount of
stratlingite and highest amount of amorphous content compared to NAT and CON. At 5
°C, ferrite starts slowly decreasing already after 1 day and it is almost fully consumed
after 90 days of hydration. In RMD, the reaction of ferrite is at the beginning (at 7 days)
lower than in NAT and CON. This might be due to the higher content of alkali sulfates
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in the RMD, as a higher amount of sulfates delays the hydration of ferrite [55]. No
siliceous hydrogarnet is observed at 5 °C, as its formation is promoted by elevated
temperatures [72], [112].
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Figure 6.3: X—ray diffraction patterns of (a) NAT, (b) CON and (c) RMD at 5 °C at
different curing times. B = belite, E = ettringite, F = ferrite, G = gehlenite, Gy =
gypsum, Ms = monosulfate , S = stritlingite, Y = ye'elimite.
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At 1 day of hydration at 20 °C ye’elimite is already depleted, while only traces of
gypsum are observed. From 7 days up until 90 days of hydration, the quantity of
ettringite decreases while the amount of monosulfate continues to rise over time, which is
also attributed to the continuous hydration of the ferrite phase. This process leads to the
release of additional aluminum ions [162], [164], resulting in the changes observed in the
content of ettringite and monosulfate. These findings align with the thermogravimetry
(Figures 6.10 to 6.12), as the primary weight loss observed at 120 °C can be attributed to
ettringite and that at 280 °C to monosulfate (AFm phases in general) [168], [169]. At an
early age (i.e. 1 day) a lower amount of ettringite is observed in RMD, which could be
due to the greater content of aphthitalite in this mixture, which, according to Sun et al.
[167], inhibits the early formation of ettringite. Again, a higher amount of monosulfate is
present in RMD at 1 day compared to in the other mixtures, probably due to accelerated
hydration in the presence of more mayenite. Furthermore, after 7 days of hydration lower
amounts of monosulfate are observed, in comparison to NAT and CON, with this trend
being even more pronounced at 20 °C than it is at 5 °C. At higher temperatures, the
amount of ettringite decreases, while the amount of monosulfate increases, due to the
higher solubility of ettringite at high temperatures, as previously reported for BYF and
Portland cements [63], [72], [74]. These results are also reflected in the hydration kinetics
discussed in Chapter 6.3.1. Stréatlingite appears at 1 day of hydration at 20 °C, and there
are no significant differences in the amount of stritlingite at this temperature when
different raw materials are incorporated into the mix. As observed at 5°C, there is a
higher degree of reaction in belite and an increase in amorphous content in RMD at 20
°C, probably due to the greater presence of alkali sulfate in that cement mixture. At 20
°C, ferrite is completely consumed after 90 days. At this temperature, the reaction of
ferrite is lower in RMD than it is in NAT and CON early on, as was already noted at 5
°C, as a consequence of the higher alkali sulfate content of RMD. Furthermore, the
hydration of ferrite and belite leads to the formation of siliceous hydrogarnet. At 20 °C,
it precipitated after 90 days in NAT and CON and after 28 days in RMD, where the
degree of belite hydration is higher.

At 60 °C, both ye’elimite and gypsum are already depleted at 1 day of hydration. The
trend relating to the occurrence of ettringite and monosulfate is similar to that at other
temperatures, and, indeed, even more distinct - from 7 to 90 days of hydration, there is a
decline in the quantity of ettringite, while the amount of monosulfate steadily increases
over time. In RMD), a lower amount of ettringite and a higher amount of monosulfate is
observed at 1 day, while lower amounts of monosulfate are observed after 7 days of
hydration, in comparison to NAT and CON. As at 20 °C, stréatlingite appears at 1 day at
60 °C. While there are no notable differences in the amount of stratlingite between the
three cement mixtures, it can be observed that its amount decreases with increasing
temperature, as also confirmed in Chapter 5. At 60 °C, the reaction degree of belite is the
highest in RMD after 1, 7 and 28 days, leading to the highest amount of amorphous
content. At 60 °C, ferrite is completely consumed after 90 days, as was also seen at 20
°C. The amount of ferrite hardly changes over 28 days, then the content suddenly drops
to almost zero. Siliceous hydrogarnet is present after 7 days of hydration and at late ages
(90d, 6m) is the highest in the CON mixture where a higher degree of belite hydration
also occurs. More siliceous hydrogarnet precipitated at 60 °C compared to at 20 °C.
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Figure 6.12: Thermogravimetric analyses of the (a) NAT, (b) CON and (¢) RMD cement
pastes cured at 60°C at different curing times. C—S—H = calcium silicate hydrate, £ =
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The influence of temperature on the hydration of cements is evident and the results
confirm the findings shown in Chapter 5. Namely, the hydration of anhydrous phases is
accelerated at elevated temperatures, which is also observed in NAT, CON and RMD. As
the temperature increases, ettringite solubility is higher, leading to a lower amount of
ettringite as also observed in Chapter 2, favoring monosulfate formation [65], [73].
Stratlingite amount decreases with increased temperatures after 28 of hydration for all
samples regardless of secondary raw material. This decrease coincides with the
appearance of siliceous hydrogarnet at 20 °C and is even more pronounced at 60 °C,
which precipitates from the hydration of ferrite [20]. At higher temperatures, in NAT,
CON and RMD, increased amounts of siliceous hydrogarnet form due to a significantly
higher degree of hydration of belite, together with higher amounts of C—S—H. Also,
high temperatures promote the formation of siliceous hydrogarnet owing to kinetic
reasons [72], [112].

6.3.3 Nuclear Magnetic Resonance

To confirm the presence of the phases (e.g. C—S—H or C—(A) —S—H) which could not
be absolutely determined by X-ray powder diffraction and thermogravimetric analysis, a
NMR was employed for cement mixture NAT at 90 days of hydration. The results are
shown in Figure 6.13.

TAl NMR analysis confirmed the presence of ettringite and monosulfate, as chemical
shifts were visible at 14.5 ppm and 11.5 ppm, respectively [170]-[172]. The amount of
ettringite decreases with higher temperatures, while the amount of monosulfate increases
with higher temperatures, which is in accordance with X-ray diffraction and
thermogravimetric analysis. Furthermore, a narrow resonance attributed to strétlingite is
visible at 62.5 ppm at all temperatures, decreasing with temperature [171].
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Figure 6.13: (a) ?Al NMR and (b) *Si NMR analysis of NAT cement mixture after 90
days at different curing temperatures. B = belite, Bg = belite gamma, C—A—S—H =
calcium aluminium silicate hydrate, C—S—H = calcium silicate hydrate, E = ettringite,
Ms = monosulfate, S = strétlingite.

The presence of C—S—H was confirmed at all temperatures by *Si NMR analysis
(Figure 6.13), where chemical shifts at around -79 ppm and -84 ppm correspond to
C—S—H [168]-[170]. These resonances are decreased at a lower temperature, whereas the
resonances of belite at around 71 ppm [170] are increased, due to a lower degree of
hydration than at higher temperatures. A signal at around 73.5 ppm is associated with
the non-reacted y-C,S [169]. No C—S—H with incorporated aluminium is observed at 5 °C
using Al NMR analysis. At 60 °C, the presence of a signal in Al NMR at around 75
ppm, associated with C—A—S—H is detected, due to the partial substitution of silicon
with aluminium in the bridging sites linking dimers of silicate tetrahedra [173]-[176]. At
elevated temperatures, C—S—H exhibits a longer average chain length, a higher uptake of
aluminium from the solution to bridging sites of the C—A—S—H phase and a higher
Al/Si ratio [169], [174], [177], [178]. When the Al/Si ratio is 0.05 or less, most of the
aluminum is incorporated into C—S—H, however, with a higher Al/Si ratio, the
formation of stratlingite and/or katoite restricts the Al/Si ratio in C—S—H to
approximately 0.15, irrespective of the Ca/Si ratio [179].

6.3.4 Transmission Electron Microscopy

The morphology and chemical composition of the hydration assemblage was investigated,
only in the NAT cement mixture, by transmission electron microscopy (Figures 6.14-6.16,
Table 6.6) after 90 days of hydration at 5 °C, 20 °C and 60 °C, in order to show
differences in the microstructure that occur at various different temperatures.

At 5 °C, the matrix is more homogenous compared to at 20 °C and 60 °C, which is
related to slower hydration [113], [177]. At 5 °C and 20 °C the remaining unhydrated
belite grains are visible, only a few, however, are observed at 60 °C, as the degree of
hydration is higher at elevated temperatures, as confirmed by X-ray powder diffraction.
EDXS analysis identified ettringite, monosulfate, stratlingite and C—S—H in the matrix
at all temperatures. Siliceous hydrogarnet is also observed, although only at 20 and 60
°C, which is in accordance with the results from the X-ray powder diffraction and
thermogravimetric analysis.

Ettringite does not appear as needles or rods as in the previous literature assessed by
TEM in OPC and blended OPC pastes [180]-[182] but more as large elongated plates
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(Figure 6.14). The size of ettringite grains decreases with increasing temperature, which
is in accordance with the results in Chapter 2, where smaller ettringite crystals due to
accelerated hydration of ye’elimite are observed at elevated temperatures. The largest
amount of ettringite is at 5 and 20 °C, on the other hand, the lowest amount is at 60 °C,
which coincides with X-ray powder diffraction results. At 90 °C, metaettringite
(dehydrated ettringite) could be formed if cement is cured also in dry conditions, which is
X-ray amorphous [73], [183]. According to TEM/EDXS analysis, the composition of
ettringite grains is fairly constant at different curing temperatures and it contains small
amounts of Fe, Si and K. Ettringite can form a solid solution and substitute aluminium
with iron (to form iron-rich ettringite), calcium, sulfate and silicon (also Cd and Cr),
while sulfate can be replaced by Se or Cr [61], [184]. Formation of iron-rich ettringite is
significantly slower than the formation of Al-ettringite, while according to literature
higher temperatures reduce these differences [61]. Small amounts of iron were present in
ettringite at all temperatures. In Chapter 3, ettringite shows the ability for higher ion
uptake at elevated temperatures as higher d-values of the ettringite peaks were observed.

Monosulfate was observed by transmission electron microscopy only at 60 °C (Figure
6.15) when also according to X-ray powder diffraction a larger amount of monosulfate is
formed. Monosulfate grains occur as large irregular plates (Figure 6.16), similar to ones in
OPC and blended OPC paste in literature [180], [182], [185], also described as well-
developed monosulfate plates [186]. Small amounts of Si and Fe are incorporated in
monosulfate. In monosulfate, substitution of different anions such as OH-, SO*, COs* an
CI' has been reported, and replacement of aluminium by iron, resulting in formation of
Fe-monosulfate [187].

Strétlingite, precipitated in higher amounts at 5 and 20 °C compared to 60 °C is
found as grains with elongated morphology and laminar structure(Figure 6.15), while it is
found to have plate-like morphology elsewhere [186]. More stratlingite is observed at 5
and 20 °C, compared to 60 °C, confirming the finding obtained from X-ray powder
diffraction. It contains up to 3.4 wt. % of Fe, however, the chemical composition of
stratlingite does not change significantly with temperature. Iron-rich stratlingite can be
formed in cement as aluminium can be partially replaced by iron [188], [189].

Siliceous hydrogarnet occurs in rounded form, which was amorphized during TEM
observation, with a uniform diameter of around 100 nm (Figure 6.16). Whereas the
grains were not observed at 5 °C [112], the number of siliceous hydrogarnet grains
increases with curing temperature with numerous grains of siliceous hydrogarnet at 60
°C. These results are in accordance with X-ray diffraction results in this Chapter and also
with results in Chapter 5, where the amount of siliceous hydrogarnet increases with
temperature while it is not observed at 5 °C. The phase contains up to 10 wt. % of Fe
along with a small amount of Mg and S. The chemical composition of siliceous
hydrogarnet varies with temperature. The amount of Fe is much higher at 20 °C (8.8 wt.
%) compared to 60 °C (3.2 wt. %), while the amount of Al is slightly lower. In Portland
cements, iron and aluminium intermixed siliceous hydrogarnet are usually observed [190].
Hydrogarnet structure can be changed by replacement of all or part of silicon atoms and
solid solution between CsAHs, CsFHeg, CsAS, and CsFSs exist [36], [112] Thermodynamic
modelling shown in Chapter 5 indicate that Fe is incorporated in siliceous hydrogarnet,
which is a result of partial replacement of aluminium ions by iron,[188] forming iron-rich
siliceous hydrogarnet [188].

Various morphologies of C—S—H are observed (Figures 6.14-6.16). At 5 °C it shows a
fine fibrillar structure, which is however less prominent at elevated temperatures, where
more foil-like C—S—H is observed. At 60 °C it is strongly intermixed with siliceous
hydrogarnet. In OPC in mature cement pastes it has coarse fibrillary morphology in
larges spaces, while in small spaces it has fine fibrillary [180]. Also a granular appearance
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of C—S—H within the shell and acicular and foil-like C—S—H is found in blended OPC
cement [180], [185], [185]. In a recent investigation on iron incorporation in C—S—-H it was
found that at lower Fe amount C—S—H have foil-like morphology [191]. The composition
of C—S—H changes with curing temperature, at higher curing temperature it contains
more Ca and less Fe, while the fraction of Si remains fairly constant. In addition to the
main elements, it also contains Al, S, K, and Ti. Despite the fact that NMR results
revealed incorporation of Al in the C—S—H structure at 60 °C, the amount of Al is not
higher according to TEM, probably due to intermixing with other phases. Previous
studies on C-S—-H in OPC at different temperatures also showed a slight increase in S
and Al at elevated temperatures [67], [169].

Figure 6.14: TEM micrograph of the NAT cement mixture at 90 days of hydration at 5
°C. (a) A large grain of belite, surrounded by C—S—H. (b) Ettringite showing elongated
morphology and fibrilar C—S—H.
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Figure 6.15: TEM micrograph of the NAT cement mixture at 90 days of hydration at 20
°C. Round grains of siliceous hydrogarnet, long rods of stritlingite and large plates of
ettringite. C—S—H surround other hydration products.
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Figure 6.16: TEM micrograph of the NAT cement mixture at 90 days of hydration at 60
°C. Large grains of ettringite and monosulfate. The C—S—H and siliceous hydrogarnet
are intermixed.

Table 6.6: Chemical composition of hydration phases as determined by TEM/EDXS.
Compositions are calculated to all elements and only cations are considered in the
calculations. Hydrogarnet is not observed at 5 °C.

Composition, at. %
Sample Phase P !

Al K Si K S K KK Ca K Fe K

Ettringite 16.1 3.7 26.1 1.5 50.5 0.9

90 days/5 °C Strétlingite 34.1 17.5 1.1 1.9 41.3 3.6
Fig. 6.14a,b Hydrogarnet n.d. n.d n.d n.d n.d n.d
C—S—H 6.3 30.2 4.6 2.6 50.7 5.4

Ettringite 17.8 1.5 26.5 1.4 52.3 0.4

90 days/20 °C Strétlingite 32.7 17.7 2.2 1.5 42.3 34
Fig. 6.15a,b Hydrogarnet 11.3 23.1 2.0 0.9 52.8 8.8
C—S—H 6.8 31.2 2.8 1.7 55.4 1.3

Ettringite 17.3 2.3 25.8 1.0 53.4 0.4

90 days/60 °C Monosulfate 22.9 3.7 12.9 b.d 58.8 1.1
Fig. 6.16a,b Hydrogarnet 15.2 21.7 3.3 b.d. 54.8 3.2
C—S—H 3.2 20.9 2.9 1.3 60.7 0.4

6.3.5 Compressive Strength

Figure 6.17 depicts the effect of different secondary raw materials on the development of
compressive strength at 5 °C, 20 °C and 60 °C.

At early ages, strength development at all temperatures is similar in all mixtures,
while differences after 28 days occur. The fast early strength development is displayed by
NAT, CON and RMD cements at all curing temperatures. This is primarily attributed to
the quick reaction of ye'elimite and gypsum with water, resulting in the formation of
ettringite. The formation of ettringite plays a substantial role in contributing to the early
strength of the cements [25], [59], [63], [177]. At 1 day of hydration, the lowest
compressive strength is at 5 °C for all cement mixtures, which is due to the small amount
of gypsum still present in the cement as shown by X-ray powder diffraction and
thermogravimetry. The RMD cement mixture exhibits a slightly higher early strength (at
1 day) at 20 °C and 60 °C as it contains a higher amount of alkali sulfate in cement
clinker.
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At 20 °C and 60 °C, however, the compressive strength of RMD is lower (as also the
amount of ettringite is lower) than in NAT and CON, in line with previous findings
[159], [167]. Mayenite could also play a role here, as He and Li [139] found that mayenite
cause a strength decrease after 14 and 28 days when increasing mayenite addition in
ordinary Portland cement due to hydration of mayenite which produce additional AFm
and lowering the AFt/AFm ratio. This effect is not observed at 5 °C, where the values of
compressive strength are somewhat similar across all three mixtures.

At 180 days, the RMD mixture again shows slightly higher strength than the other
two mixtures, while the CON mixture exhibits the lowest values at 20 and 60 °C. This
strength reduction could be due to the higher periclase content in the CON mixture. Mo
et al. [192] found that mortars that incorporate MgO exhibit reduced compressive
strength due to the higher water consumption caused by the MgO reaction and formation
of Mg(OH),, which lead to expansion, creation of cracks and increased porosity [193]-
[195].

Results also show that compressive strength at late ages (i.e. 6 months) for all
samples increases when the temperature rises, as the belite hydration is enhanced leading
to the precipitation of stratlingite, C—S—H, and siliceous hydrogarnet, which fill more
space, as shown in Chapter 5 and elsewhere [106], [115], [116].
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Figure 6.17: The development of compressive strength in the NAT, CON and RMD
cements at (a) 5 °C (b) 20 °C and (c) 60 °C.

6.3.6 Hg-porosimetry

The influence of used secondary raw materials on the porosity of NAT, CON and RMD
at 90 days of hydration measured by mercury intrusion porosimetry is shown in Figure
6.18. At 5 °C and 60 °C, the main peaks of the NAT, CON and RMD cement pastes are
mainly within 0.07 pm, representing a unimodal distribution of the pore sizes, while at 20
°C an intrusion peak is shifted to lower values -around 0.02 um. At 5 °C, another
intrusion peak is observed in RMD at around 0.25 um, leading to a bimodal distribution
and suggesting that larger pores are also present at 90 days of hydration. This could be
due to the formation of less monosulfate and stratlingite and more C—S—H that fill
smaller pores in RMD compared to NAT and CON at that hydration time, as shown by
X-ray powder diffraction. A higher degree of hydration leads to more hydration products
which makes the microstructure more heterogeneous [72], [74], [81]. At 20 °C, this second
intrusion peak is significantly smaller, while at 60 °C it is not observed at all, as
according to X-ray powder diffraction differences in phase composition are smaller.

The median and average pore diameter are higher at 5 °C compared to at 20 °C and
60 °C due to differences in the quantity of hydration products that fill the empty spaces
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— less hydrates formed at 5 °C as the degree of hydration is lower. There is no significant
correlation observed between the incorporation of various secondary raw materials in
cement, which mean different phase composition of cement clinker and consequently
different hydrate phase assemblage, considering average and median pore diameters, but
in RMD a smaller increase is observed in median pore diameter at both 5 and 20 °C.
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Figure 6.18: Log differential intrusion versus pore size diameter of the NAT, CON and
RMD cement samples after 90 days of hydration at (a) 5 °C, (b) 20 °C and (c) 60 °C.

As can be seen from Table 6.7, the porosity at 90 days in RMD is higher than in
NAT and CON at 5 and 60 °C. This is attributed to the slightly higher degree of
reaction in RMD compared to NAT and CON at 90 days of hydration. It appears that
porosity is also controlled by high temperatures, with an increase in porosity at 60 °C in
comparison to 5 and 20 °C. The findings align closely with the literature [72], [74], [81],
which suggest that a lower temperatures promotes a denser and more uniform matrix due
to the slower progress of hydration. There is no significant difference between the
porosity at 5 °C and 20 °C. Furthermore, there is no such correlation between different
raw materials material incorporated in the cement and temperature in the case of bulk
density (which ranges from 1.5 to 1.6 g/mL) and apparent density (which ranges from
2.2 to 2.4 g/mL).

The negative correlation between compressive strength and porosity is evident.
Namely, the porosity at 90 days is the lowest at 20 °C, while the compressive strength is
the highest at this temperature in NAT, CON and RMD.

Table 6.7: Porosity and pore size distribution at 90 days of hydration measured by
mercury intrusion porosimetry.

NAT CON RMD | NAT CON RMD | NAT CON RMD
Temperature 5°C 20 °C 60 °C
Porosity (%) 31.82 31.79 35.50 | 29.63 27.50 29.02 | 35.69 34.29 37.29
Median Pore
) 0.078 0.077 0.087 | 0.032 0.032 0.037 | 0.051 0.048 0.051
Diameter (jm)
Average Pore
) 0.041 0.041 0.039 | 0.026 0.030 0.030 | 0.027 0.029 0.029
Diameter (jim)
Bulk Density

1.57 156 1.51 | 1.58 163 1.59 | 1.50 1.50  1.50
(g/mL)
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Apparent

2.31 2.29 2.34 2.24 2.25 2.24 2.34 2.28 2.39
Density (g/mL)

Figure 6.19 shows changes in the pore size diameter after different hydration times at
20 °C for the NAT cement mixture. It is observed that the (median and average) pore
size diameters decrease with hydration time, with intrusion peaks at around 0.3 pm at 1
day of hydration and 0.02 um at 6 months of hydration, as is also shown in Table 6.8.
This is a result of the hydration of anhydrous phases and the precipitation of hydrates
which fill the empty spaces [196]. The X-ray powder diffraction results and
thermogravimetric analysis showed continuous hydration of ye’elimite and belite and the
formation of hydration products. Total pore area, however, increased from 6.7 m?/g at 1
day to 45.1 m?/g at 6 months. The values of porosity decreased with curing time [197]
and fell from 1 day to 6 months from 39.44 % to 31.51 %. This is inversely connected to
the compressive strength measurement results, where the values are strength is increasing
with the hydration time. Bulk density shows no apparent relationship with curing time,
while apparent density decreases with the hydration time.
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Figure 6.19: Log differential intrusion versus pore size diameter of the cement samples
NAT at 20 °C at different hydration times.

Table 6.8: Porosity and pore size distribution at different hydration times for cement
mixture NAT at 20 °C measured by mercury intrusion porosimetry.

1 day 7 days 28 days 90 days 6 months
Porosity (%) 39.44 37.08 36.39 29.63 31.51
Median Pore Di
edian Pore Diameter 0.320 0.173 0.138 0.032 0.021
(pm)
A Pore Diamet
verage tote Latmetet 0.157 0.078 0.064 0.026 0.021
(pm)
Bulk Density (g/mL) 1.46 1.41 1.47 1.58 1.49

Apparent Density (g/mL) 2.35 2.33 2.31 2.24 2.28
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6.4 Conclusions

The introduction of different raw materials leads to changes in the amounts of minor
phases and microstructure that form in the cement clinker, which influence the hydration
kinetics and phase formation at low, ambient and elevated temperatures.

Different raw materials influence hydration kinetics, while its influence is heavily
reliant on curing temperature. The hydration of cement with incorporated red mud
(RMD) and containing the highest amount of mayenite and alkali sulfate, is the fastest in
comparison to cement with natural materials (NAT) and waste concrete (CON).
Conversely, the mixture with waste concrete has the lowest amount of mayenite and
alkali sulfate and therefore exhibits the slowest hydration. This effect is the most
pronounced at 5 °C, and is less distinct at 20 °C and 60 °C.

Using various secondary raw materials profoundly impacts the phase composition and
phase development of hydrated cement. Secondary raw materials have a more
pronounced effect on the hydration of belite and ferrite at 5 °C, mainly due to presence
of alkali sulfates, diminishing at higher temperatures. This influence is evident in the
fluctuations of strétlingite and the volume of the amorphous phase (C—S—H) forming
during belite hydration. However, the secondary raw materials do not affect the
hydration of ye'elimite as significantly as they affect belite hydration, evidenced by the
subtler variations in ettringite and monosulfate amounts at different temperatures. At all
temperatures, the precipitation of ettringite is slightly inhibited in cement with red mud
(RMD) due to the presence of a higher amount of aphthitalite, as less ettringite
precipitated at early ages compared to cement with natural materials (NAT) and waste
concrete (CON), while on the other hand more monosulfate formed due to higher
mayenite content which accelerates hydration of ye’elimite. Compared to NAT and CON,
a higher belite reaction degree, less stritlingite and increased C—S—H content in RMD
are observed especially at 5 and also at 20°C (but in a lesser extent) at all hydration
times, suggesting that in the presence of higher alkali sulfate a predominant
transformation of belite into C—S—H, rather than stréatlingite occurs. At 60 °C, no
significant differences in stritlingite amounts were observed among the three cement
mixtures. In addition, in RMD at 5 and 20 °C, ferrite reaction is at early ages lower than
in NAT and CON; as higher alkali sulfate content in RMD delays ferrite hydration. More
siliceous hydrogarnet formed in RMD at 20 °C, as a higher degree of belite hydration
occurred.

Ettringite is visible as large, elongated plates in TEM, while monosulfate is shown as
large platelets. The size of ettringite grains decreases with increasing temperature.
Stratlingite is identified by its distinct elongated shapes and lamellar structure, with Fe
incorporated into it. Siliceous hydrogarnet exhibits a distinct rounded form. C—S—H is
heavily intermixed with siliceous hydrogarnet at 60 °C. The temperature influences the
morphology of C—S—H that changes from fine fibrillar-like to foil-like structure.
Temperature influences the chemical composition of hydrates as less Fe is incorporated in
hydrogarnet and C—S—H at increased temperatures. Solid state Si and Al NMR analysis
revealed the presence of Al in C—A—S—H at increased temperatures, indicating a higher
uptake of aluminium from solution to bridging sites of C—A—S—H.

Although high early strength is observed in all mixtures, RMD exhibits slightly higher
strength at early ages probably due to the higher alkali sulfate content, which accelerates
hydration. At later ages, it shows lower strength probably due to the presence of
mayenite that causes a decrease in strength (reducing AFt/AFm ratio). CON mixture
has the lowest late age strength due to the presence of periclase, suggesting a strength
decrease due to water consumption of MgO, which causes expansion and increased
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porosity that lower compressive strength. Porosity at 90 days is changed in RMD
mixture compared to NAT and CON, significantly at 5 °C, while the differences are
reduced with higher temperature. Another intrusion peak leading to bimodal distribution
is observed, attributed to different phase assemblage that formed in RMD (less
monosulfate and stritlingite and more C—S—H).
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Chapter 7

Rheological Properties of Belite-
Ye’elimite-Ferrite Cements at

Different Temperatures

This chapter is based on previously unpublished results. The data presented are part of
an ongoing study investigating the rheology of belite-ye’elimite-ferrite cements at
different temperatures and with different phase compositions.

This chapter addresses the thesis objectives 4 and 6.

7.1 Introduction

The properties of fresh concrete are significantly affected by the rheological behavior of
the cement paste they contain. Conventional fresh cementitious materials typically
exhibit rheological properties defined by yield stress and viscosity. As highlighted by
Roussel et al. [198], the yield stress represents the energy required to disrupt the inter-
particle interactions in a cementitious system, due to colloidal and contact interactions
between particles. Viscosity is a result of the interplay of hydrodynamic, colloidal, and
contact forces acting on moving cement grains [198]. Yield stress is commonly viewed as
the key metric for assessing workability and a material's capability to fill a mould
without mechanical agitation. Viscosity also appears to be a crucial factor in
characterizing the workability of cement or concrete [198], [199]. Depending on the strain
rate, shear-thinning or shear-thickening behaviors may be observed in cement pastes
[198]. Namely, viscosity increasing with an increasing shear rate is referred to as shear
thickening, and viscosity decreasing with an increasing shear rate, is referred to as shear
thinning [200]. Cement-based materials in a fresh state are defined as thixotropic
materials and non-Newtonian fluids [201]. Thixotropy is typically characterized by an
ongoing decrease in viscosity over time when a shear rate is applied, followed by a
gradual recovery of viscosity once the shear rate is not applied anymore. A key feature of
thixotropy is its reversibility. The reversible effect might be predominant during the
initial hour, as the static yield stress of the paste exhibits a linear increase throughout
this period [201], [202]. On the other hand, a term that describes structuration
(strength /stiffness gain) of cement systems is structural build-up, which refers to the sum
of both, reversible and irreversible effects [201], [203]. Recent research has increasingly
more attention on this time-dependent rheological parameter, which occurs from the
particle interactions and early age cement hydration [204], [205]. Upon mixing
cementitious particles with water, the structural development of the material undergoes
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three phases: colloidal network percolation, rigid percolation, and rigidification [206]. A
fast build-up rate not only supports the weight of subsequent casting layers but also
ensures a robust bond between them [207]. Moreover, a rapid structural build-up rate
enhances the resistance to segregation and bleeding, improving the interface quality
between the aggregate and the cement paste. This has a direct impact on permeability,
steel bonding, and the mechanical properties[208].

The rheological properties of cement are heavily influenced by its chemical
composition and physical characteristics. Mork et al. [209] observed an increase in yield
stress and plastic viscosity in OPC paste with a higher SOs; content. Dils et al. [210]
highlighted that OPC pastes with a high amount of C;A and low amount of SO; amount
exhibited high yield value and plastic viscosity. Garcia Mate et al.[211] observed that
within the studied range, the gypsum content doesn't significantly impact the viscosity of
the pastes. They also studied the rheology of CSA pastes, where pastes without added
superplasticizer showed shear thinning behavior and high viscosity, while the use of
additives lowered the viscosity. Another study showed that the initial rheological
properties of cement pastes in the ternary OPC-CSA-CS system are influenced by both
the OPC/CSA ratio and the CS content[212]. A reduced OPC/CSA ratio increases both
yield stress and plastic viscosity. Conversely, a higher percentage of CS in the system
lowers the dynamic yield stress but elevates the plastic viscosity and shear-thinning
intensity [212].

The rheological properties are also affected by different temperatures. A low
temperature can delay setting, affecting the rate of hydration reactions and consequently
impacting the rheological and fresh properties of mortars and concrete [213].
Temperature greatly affects the colloidal interactions and hydration kinetics, and
consequently also the thixotropic development in cement-based materials. Increased
temperatures typically, therefore, accelerate the structural development of fresh
cementitious substances [206]. An increase in temperature elevates the yield stress and
thixotropy of mixtures, while reducing their viscosity [205], [214], [215]. The initial
fluidity of the cement paste remains relatively unaffected by variations in temperature,
higher temperatures, however may slightly reduce the initial fluidity and cause a more
pronounced loss in fluidity as time progresses [216], [217]. Champenois et al. [214]
investigated rheological properties of calcium sulfate cement at an ambient temperature,
pointing out that the first increase in storage modulus is related to the partial dissolution
of gypsum, weak dissolution of ye’elimite and mayenite and the formation of a small
amount of ettringite, leading to a slow stiffening of the paste. Before the stiffening, the
coagulation of anhydrous cement grains probably occurs, resulting in a modulus increase
shortly after mixing [214]. According to the literature, the dissolution of anhydrous
phases is faster, producing more hydration products. The rise in ionic concentration and
production of fine particles enhances particle attraction [202]. Additionally, higher
temperatures increase Brownian motion (i.e. the random motion of particles), leading to
a faster flocculation rate in cement suspensions. This growth in early hydration product
bridges between cement particles enhances the structural build-up. Hence, elevated
temperatures generally accelerate the structural build-up rate of fresh cementitious
materials [202].

Although belite-ye’elimite-ferrite cements have been increasingly investigated over
recent years, the understanding of their early-age mechanical properties, such as their
rheological properties at low, ambient and elevated temperatures, remains somewhat
limited. It is therefore crucial to understand the properties of fresh cement pastes and
how early hydration and the formation of hydrates impact the rheological behavior of
belite-ye’elimite-ferrite cement pastes. The aim of this chapter is to assess the rheological
properties — storage modulus G’ and viscosity — of belite-ye’elimite-ferrite cements at



7.4. Conclusions 129

different curing temperatures, rheometry geometries (vane probe and serrated plate-plate
system), and different phase compositions.

7.2 Influence of Temperature on the Rheological Properties

7.2.1 Materials and Methods

7.2.1.1 Materials

A belite-ye’elimite-ferrite cement clinker NAT was synthesized having a nominal phase
composition of 65 wt. % belite, 20 wt. % ye’elimite, and 10 wt. % ferrite. A
comprehensive description of the clinker synthesis process can be found in Chapter 2
(paper by Borstnar et al. [82]), while Blaine specific surface, particle size distribution and
phase composition measured is shown in Chapter 6. Blaine specific surface areas was
4880 + 20 cm?/g. The phase composition is shown in Table 7.1 below. Particle size
distributions of the cement is given in Figure 7.1. Preparation of the cement with an M-
ratio of 1.5 is described in Chapter 4 (paper by Mrak et al. [89]).

Table 7.1: Phase compositions of the cement clinker NAT, as determined by X-ray
powder diffraction and Rietveld refinement (wt. %). Data reproduced from Chapter 6.

CNAT
B—D1calc1u@ silicate 65.7
(belite)
y-Dicalcium silicate 3.8
Ye’elimite orthorhombic 9.1
Ye’elimite cubic 7.0
> Ye’elimite 16.1
Ferrite 7.4
Mayenite 3.4
Gehlenite 0.5
Periclase 1.2
Arcanite 1.0

Aphthitalite 0.9
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Figure 7.1: Particle size distributions of NAT cement. Data reproduced from Chapter 6.

7.2.1.2 Methods

Rheological characterization included small-amplitude oscillatory shear tests, carried out
using an Anton Paar MCR 302 rheometer, equipped with a 4-blade Vane probe, and
conducted at a temperature of 5 °C, 20 °C and 60 °C. Cement and water were preheated
at defined temperatures, then 40 g of paste was mixed with 20 g of water to achieve
water to cement ratio of 0.5 in the temperature controlled-bath at respective
temperature. Only one measurement was performed at each temperature. After 3 minutes
of mixing by hand, the cement paste was transferred into a cup. Samples were first pre-
sheared by logarithmically increasing the shear rate from 0 to 50 s-1 for 30 seconds, then
a 60-second recovery period was allowed prior to any measurements being taken. The
storage modulus G’ and loss modulus G” were measured at a constant shear strain of
0.003 % and a constant frequency of 1 Hz until slightly before setting, accurately until
the halfway point between ending of the induction period and setting time in the
calorimetric curve, determined by in-situ isothermal calorimetry (while setting time is
usually determined when the calorimetric curve reached half of the average maximum
power of the primary hydration peak). Namely, for 15.5 hours, 2.1 hours and 0.5 hour at
5 °C, 20 °C and 60 °C, respectively.

In situ isothermal conduction calorimetry was conducted at 5, 20 and 60 °C using a
Thermometric TAM Air instrument (TA instruments). 2 g of cement was placed in the
admix glass ampoule and 1 g of deionized water in the admix syringe and placed into the
calorimeter. In situ mixing was then performed for 1 minute and after heat flow was
monitored for 3 days. 2 replicates were measured for each temperature being investigated.

7.2.2 Results and Discussion

Figure 7.2a depicts the evolution of the storage modulus G' with the time of the cement
pastes KN at 5 °C, 20 °C and 60 °C obtained by a small amplitude oscillatory test, which
allows us to characterize the structural build-up of cement pastes. Generally, the storage
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modulus indicates the strength of the connections, such as C-S-H and/or ettringite,
between cement particles [206].
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Figure 7.2: a) Storage modulus with time of KN at 5, 20 and 60 °C in the first 30
minutes.b) Hydration heat flow at 5, 20 and 60 °C.

The initial value of the storage modulus increases with temperature, which could be
related to the faster kinetics of hydration at increased temperatures. The trend is
correlated to in-situ isothermal calorimetry, as depicted in Figure 7.2b, which shows the
hydration heat flow of the cement pastes investigated at different curing temperatures. It
can be observed that elevated temperatures accelerate hydration, and that the induction
period is shifted to earlier times. At all temperatures, the storage modulus sharply
increases at the beginning, while during the induction period, i.e. the period, when only a
few anhydrous phases are consumed and slow formation of hydrates occurs [48], [74],
[102], [103], the storage modulus becomes more steady and just increases slowly (Figure
7.3). At elevated temperatures, however, the increase of the storage modulus G' to the
point when it becomes more steady occurs earlier. This point is observed after around
100 minutes at 5 °C, 22 minutes at 20 °C and at 6 minutes at 60 °C, suggesting the
structural build-up occurs earlier if the temperature is increased. Results from isothermal
calorimetry showed that at 5 °C around 100 minutes, induction period occurs, however,
results of rheometry showed increasing storage modulus, which indicate that the
structure is still developing during the induction period. When increasing temperature to
20 °C, at 2 minutes the induction period has not started yet, but the first peak which is
attributed to wetting of the system already occurred. While at 60 °C at 6 minutes
coincide with the first hydration peak. This suggest that the structural build up is
already formed before induction period at ambient and elevated temperature, while at
lower temperatures it is still forming, which is therefore related to the dissolution of
ye’elimite and gypsum which occur in belite-ye’elimite-ferrite cement in the early hours of
hydration. In Chapter 6, where the hydration of belite-ye’elimite-ferrite cement pastes
was investigated through X-ray powder diffraction it was shown that increased
temperatures accelerate early hydration of NAT cement mixture, leading to early
dissolution of ye’elimite and formation of ettringite. At 1 day of hydration less ettringite
is found at higher temperatures, while the amounts of monosulfate are significantly
higher at 60 °C indicating faster hydration of ye’elimite. In addition, the storage modulus
increases more slowly at 5 °C, but rises up continuously in a linear fashion. At 60 °C a
sharp increase is observed at the beginning, but later it does not change significantly.
Huang et al. [218] also reported that the rate of structural build-up of cement pastes
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increased more significantly when the temperature increased from 20 °C to 40 °C
compared to the increase from 10 °C to 20 °C [218].
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Figure 7.3: Evolution of hydration heat flow and storage modulus G* up a)15.5 hours at 5
°C, b) 2.1 hours at 20 °C and c¢) 0.5 hour at 60 °C.

7.3 Influence of Phase Composition on the Rheological

Properties

7.3.1 Materials and Methods

7.3.1.1 Materials

Two belite-ye’elimite-ferrite cement clinkers, namely CBCSA-B and CBCSA-Y, were
synthesized. CBCSA-B, was aimed to have a targeted nominal phase composition of 65
wt.% belite, 20 wt.% ye’elimite, and 10 wt.% ferrite. On the other hand, CBCSA-Y was
formulated to have a composition of 50 wt.% belite, 35 wt.% ye’elimite, and 10 wt.%
ferrite.

A comprehensive description of the clinker synthesis process can be found in Chapter
2 (paper by Borstnar et al. [84]), while their measured Blaine specific surfaces, particle
size distribution and phase composition are shown in Chapter 4 [89]. Blaine specific
surface areas were 4740 cm2/g for cement clinker CBCSA-B and 4250 cm2/g for CBCSA-
Y [89]. Particle size distributions of the cements and gypsum is given in Figure 7.4. The
phase compositions are shown in Table 7.2 below. The preparation of cement with M-
ratio of 1.5 is described in Chapter 4 (paper by Mrak et al. [89]).
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Figure 7.4: Particle size distributions of cement and gypsum NAT, CON and RMD. Data
reproduced from [89].

Table 7.2: Phase compositions of cement clinkers determined by X-ray powder diffraction
and Rietveld refinement in wt. %. Data reproduced from [89].

CBCSA-B CBCSA-Y

B -Dicalcium silicate (belite) 60.6 50.9
y -Dicalcium silicate 6.9 0.8
Ye’elimite orthorhombic 6.9 17.4
Ye’elimite cubic 9.3 14.9
> Ye'elimite 16.2 32.3
Ferrite 11.9 10.4
Mayenite 2.3 3.2
Periclase 1.1 1.0
Gehlenite 0.4 -
Perovskite - 1.0
Aphthitalite 0.3 0.2
Arcanite 0.3 0.2

7.3.1.2 Methods

For rheological measurements the mixing of cement pastes was conducted utilizing an
Ultra Turrax tube dispenser for a duration of 1 minute, employing 10 grams of cement
alongside the necessary amount of water in order to achieve a water-to-cement ratio of
0.5. Immediately after mixing, the cement pastes were transferred to the lower plate of
the rheometer for further analysis.

The rheological assessments were carried out using an Anton Paar MCR 302
rheometer, equipped with serrated parallel plates, and conducted at a temperature of
20°C. Only one measurement per different phase composition was performed. To
establish a well-defined initial dispersed state and ensure reproducibility for each sample,
they were first presheared for 30 seconds at a rate of 100 s-1 [198], [202]. This was
followed by a 60-second recovery prior to any measurements being taken. The flow curve
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was plotted, starting by increasing the shear rate from 0.1 s*' to 100 s' within 60 s.
Before performing the small amplitude oscillatory shear (SAOS) tests, the linear
viscoelastic range (LVR) for each paste was determined where the critical value of shear
strain was identified. Shear strain from 0.0001 % to 1000 % was applied at a constant
frequency of 1 Hz. With the LVR identified (by applying a constant shear strain),
changes in the storage modulus G’ and loss modulus G were measured over a duration
of 4 hours at a constant frequency of 1 Hz. This allowed us to determine the time-
dependent structural changes within the material. Furthermore, an examination of the
viscosity evolution of the cement pastes was conducted, while measuring over 4 hours at
a constant shear rate of 100 s™.

It should be noted that results from the isothermal calorimetry experiments on
cement mixtures BCSA-B and BCSA-Y at 20 °C presented in the latter part of this work
have been reported previously in [89].

7.3.2 Results and Discussion

Typical rheological flow curves depicting shear stress against shear rate and viscosity
against shear rate are shown in Figure 7.5 for both BCSA-B and BCSA-Y. There is an
increase in shear stress correlating with a higher shear rate observed, indicating a
stiffening behavior of the pastes. A notable characteristic shared by both cement pastes is
the shear thinning behavior, as demonstrated by the decline in viscosity with increasing
shear rate [198], [212]. Among the two, BCSA-Y exhibits a slightly higher viscosity in
comparison to BCSA-B. This difference in viscosity could be consequential to the
different phase compositions of the two cement pastes, namely due to the faster kinetics
of BCSA-Y mixture as it contains more fast reacting ye’elimite that forms a higher
amount of ettringite in the early ages (see results shown in Chapter 5). Similar behavior
was reported in the OPC-CSA-CS blend, where with increasing CSA content the shear
thinning behavior became more intense, due to enhanced the nucleation and growth
kinetics of hydrates (particularly ettringite) during the structural build-up, which
intensifies particle interactions, making it harder for aggregates to disperse [212].
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Figure 7.5: Typical rheological flow curves of cement pastes BCSA-B and BCSA-Y: a)
shear stress vs. shear rate and b) viscosity vs. shear rate.

Figure 7.6a depicts the critical strain of the cement pastes as determined by the
amplitude sweep test, with a value of 0.003% being observed for both BCSA-B and
BCSA-Y. This critical strain value marks the limit of the linear viscoelastic regime
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(LVR), beyond which the storage modulus begins to decrease. This point is attributed to
the strain level at which the initial structure of the paste begins to alter, due to changes
in the particle network interactions [198], [219]. Figure 7.6b shows the evolution of the
storage modulus G' with time of cement pastes BCSA-B and BCSA-Y. The increase in
storage modulus G' is indirectly associated with the structural build-up of the cement
paste [201]. The literature outlines two principal mechanisms that contribute to the
storage modulus [198], [201]. Firstly, at early ages, the storage modulus is primarily
influenced by the colloidal interactions occurring among cement particles. Later, the
formation of C—S—H bridges becomes the dominant factor affecting the storage modulus
[198], [201]. From the data observed, the storage modulus remained relatively unchanged
during the initial 15 minutes after mixing. A slight increase, however, is noted thereafter.
A pronounced increase in the storage modulus is distinctly observed after 120 minutes for
BCSA-B and after 130 minutes for BCSA-Y. Moreover, the timing of the observed sharp
increase in the storage modulus aligns well with the findings from calorimetry depicted in
Figures 7.7a and 7.7b, as previously reported in Chapter 5 (paper by Mrak et al. [89]).
This time also corresponds with the end of the induction period that is associated with
the slow dissolution of clinker phases alongside the slow formation of ettringite and the
beginning of the acceleration period related to the hydration reaction of ye’elimite with
gypsum and the formation of ettringite and aluminium hydroxide [39], [49]. According to
X-ray powder diffraction analysis in Capter 5, more ettringite formed at 1 day of
hydration in BCSA-Y compared to BCSA-B. Despite the higher viscosity in BCSA-Y,
however, the storage modulus G' is surprisingly lower, indicating that it has a higher
resistance to flowing meaning more power is needed to make the sample flow [220] but a
weaker gel structure.
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Figure 7.6: a) Critical strain of cement paste defined with SAOS. b) Development of
storage G’ and loss modulus G’ with time of cement paste BCSA-B and BCSA-Y.
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Chapter 3 (paper by Mrak et al. [89]). b) Comparison of hydration heat flow and storage
modulus G* with time.

7.4 Conclusions

Curing cement at different temperatures showed variations in the rheological properties
of the fresh belite-ye’elimite-ferrite cement pastes. Increasing the curing temperature
results in a higher storage modulus due to faster kinetics, and its evolution is faster
which could be related to the rapid structural build-up at elevated temperatures. The
results agreed with the in-situ isothermal calorimetry, which shows accelerated hydration
and shifting induction period to earlier times when the temperature is increased. The
structure of the belite-ye’elimite-ferrite cement pastes was forming before the induction
period at both ambient and higher temperatures. At lower temperatures, however,
structure forms continuously during induction period. This can be attributed to the
delayed early dissolution of ye’elimite and gypsum during the initial hydration phase of
belite-ye’elimite-ferrite cement at low temperatures.

Differences in the clinker compositions showed variations in the rheological properties
of the fresh cement pastes. Both BCSA-B and BCSA-Y cement pastes, exhibited shear
thinning behavior. Higher amount ye'elimite slightly increases viscosity. A crucial strain
was identified, and the analyzed storage modulus revealed changes in the rheological
evolution of the cement pastes, as a result of hydration and formation of hydrates, which
align well with the findings from isothermal calorimetry. The increase in storage modulus
observed is related to the hydration of ye'elimite with gypsum and the precipitation of
ettringite and aluminium hydroxide. Despite a higher viscosity, the system with a greater
amount of ye'elimite exhibits a lower storage modulus, suggesting that although it resists
flow more, its gel structure is weaker.

The results of rheological measurements showed that temperature and composition of
cement clinker influence storage modulus, which was attributed to hydration of ye’elimite
and gypsum producing ettringite and aluminium hydroxide. Rising temperature led to
higher storage modulus related to accelerated hydration and more ettringite, while more
belite in cement clinker also results in higher storage modulus, despite lower amount of
formed ettringite, probably due to stronger gel structure that form.
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Chapter 8
Conclusions

Elevated temperatures notably accelerate early hydration, especially when increasing
temperature from 5 °C to 40 °C, rather than from 40 °C to 60 °C. Fast early hydration of
ye’elimite and gypsum at elevated temperatures is observed, leading to a high ettringite
amount resulting in enhanced compressive strength at an early age (1 day). The
hydration of belite is slower than that of ye'elimite but reaches a high degree of
hydration at late ages, which increases with temperature. At early ages, changes in the
phase composition are pronounced between 5 °C and 20 °C and 40 and 60 °C, while the
composition between 20 °C and 40 °C is more similar. At later ages, however, the
composition is more alike between 40 °C and 60 °C, than between 20 °C and 40 °C.

With less belite in the cement clinker, the composition changes gradually as the
temperature rises. After 7 days of hydration, less ettringite is present at elevated
temperatures, due to its increasing solubility (despite a different M-ratio or phase
composition), while more monosulfate is observed. Furthermore, at 20 °C, 40 °C and 60
°C siliceous hydrogarnet forms at the expense of stritlingite, which amount increases
with elevated temperature and time. In addition, more C—S—H is found at higher
temperature, as more belite reacts, resulting in a higher compressive strength. At 60 °C,
C—A—S—H is identified, as at increased temperatures a higher uptake of aluminium
from the solution to the C—A—S—H bridging sites prevails.

A dense and homogenous microstructure is observed at 5 °C, whereas at higher
temperatures it is more heterogeneous, and phases are intermixed. Ettringite is observed
as long prismatic crystals under FE/SEM, while under TEM more like large, elongated
plates, and monosulfate as large platelets. Stratlingite has an elongated shape and
siliceous hydrogarnet shows a rounded amorphized form. With increasing temperature,
the shape of C—S—H turns from flake- to honeycomb-like observed with FE/SEM, while
with TEM, finer fibrillary C—S—H is seen at 5 °C, while it is more foil-like at elevated
temperatures. Temperature influences the size of ettringite grains, as they become smaller
at increased temperatures. While there are no changes in chemical composition with
temperature observed for ettringite and strétlingite, iron is found to be promoted with
lower temperatures in siliceous hydrogarnet and C—S—H.

At low w/c ratios, however, the insufficient water addition for full hydration of the
cement, slows down the late hydration and belite only reacts in lower amounts, as the
high water consumption by ye’elimite leaves an insufficient amount for belite to hydrate.
In this case, at later ages, cements cured at 60 °C had a lower amount of ettringite, a
higher amount of residual gypsum, and lower compressive strength, indicating a
decreased degree of hydration at elevated temperatures. This also led to a lower amount
of precipitated C—S—H at elevated temperatures.
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When more gypsum is added to the cement clinker, hydration is accelerated, and
more heat is emitted. Calcium sulfate amount controls the quantity of the ettringite and
monosulfate, as the ettringite amount is higher when higher molar ratio of calcium
sulfate to ye’elimite is applied and the amount of monosulfate decreased, resulting in
differences in early compressive strength as less ettringite yields lower strengths.
Furthermore, the amount of pore solution is reduced as the more water-rich ettringite
forms, also belite and ferrite dissolution is delayed. More strétlingite is formed at lower
molar ratio of calcium sulfate to ye’elimite, because lower amount of ettringite is formed
and thus leaving more aluminium for the formation of stratlingite.

The presence of more ye'elimite in the cement clinker resulted in an increased
formation of ettringite and stratlingite and a higher compressive strength, while more
belite yields more siliceous hydrogarnet and C—S—H and less stratlingite leading to a
lower compressive strength (while also a lower degree of belite reaction compared to
ye’elimite’ contribute).

Different secondary raw materials lead to changes in cement hydration. Cement with
red mud exhibited accelerated cement hydration, especially noticeable at low
temperatures, as higher amounts of mayenite and alkali sulfates are present compared to
cement with natural materials and waste concrete. The impact of secondary raw
materials on the hydration processes of belite and ferrite is more noticeable at 5 °C, but
much less so at increased temperatures. Such effects can be seen in the changes in
stratlingite levels and the quantity of the amorphous phase (C—S—H) during hydration
of belite, which are higher at lower temperatures. Its impact on the hydration of
ye’elimite is even smaller compared to belite, as only minor changes in the amounts of
ettringite and monosulfate across the various temperatures are observed. The early
ettringite formation is slightly inhibited in cement with red mud due to more aphthitalite
present and more monosulfate occurs due to higher mayenite amount, which accelerates
the hydration of ye’elimite. Early hydration of ferrite at all temperatures is delayed in
red mud cement, due to the greater presence of alkali sulfate. The presence of alkali
sulfate leads to a higher reaction degree of belite, less stratlingite and an increased
C—S—H content, indicating that, in the presence of higher alkali sulfate content a
predominant transformation of belite into C—S—H, rather than stritlingite occurs. Alkali
sulfate presence also leads to higher early compressive strength, while late strength is
decreased as more periclase is present.

An increase in temperature results in a higher storage modulus due to faster
hydration, with its progression occurring earlier, likely because of rapid structural build-
up at elevated temperatures. Cement pastes display a shear-thinning behavior, as
viscosity is decreasing. with increasing shear rate. The presence of ye’elimite increases
viscosity, yet the storage modulus is reduced, possibly because of its weaker gel structure.

The results of this doctoral dissertation showed that temperature along with other
factors such as the amount of calcium sulfate, the phase composition, and the use of
secondary raw materials affect the hydration of belite-ye’elimite-ferrite cement. The
properties of cement are closely related to the kinetics of hydration of the clinker phases,
which is accelerated with increasing temperatures. Curing at temperatures above 5 °C
will lead to less ettringite and stratlingite and more monosulfate, C—S—H and siliceous
hydrogarnet, the latter only form at ambient and elevated temperatures, leading to
higher compressive strength. The amount of calcium sulfate controls the phases that
precipitate and affect the physical and mechanical properties of the cement. Namely,
more ettringite and less monosulfate and stratlingite form at higher gypsum addition and
higher compressive strength is developed. The phase composition of cement clinker has a
pronounced impact on both the hydration process and the resulting hydration products.
More ye’elimite leads to higher compressive strength, more ettringite and stratlingite, but
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less siliceous hydrogarnet and C—S—H. Adding various secondary raw materials to the
cement clinker can modify the hydration kinetics and phase assemblage formed, as
differences in mayenite, periclase and alkali sulfate content change the kinetics and
precipitation of hydrates.

Further research is needed to evaluate fresh properties coherently as the study of
early hydration is crucial because this period influences not only the behavior of fresh
concrete but also the ultimate mechanical properties and durability of hardened concrete.
Comprehensive knowledge about the pore water in cement (such as chemical
composition, pH and conductivity) and furthermore rheological and mechanical
properties (such as setting time, compressive strength and porosity) of the cement in the
first days of hydration is essential for a thorough understanding of the mechanisms and
kinetics of cement hydration at an early age and development of the structure of belite-
ye’elimite-ferrite cement.
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