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ARTICLE INFO

ABSTRACT

In this review, we discuss the recent advances in understanding ye'elimite-rich cements. These cements can be

classified as follows:

(1) low belite one namely called calcium sulphoaluminate cements (CSA) where the main use is in special ap-
plications or when combined with OPC and calcium sulphate sources in structural application

(2) High belite one namely Belite Ye'elimite ferrite cement (BYF) where their development as an alternative low
carbon binders is aimed to replace Portland clinker in structural applications.

The main hydrating phase at early age in both systems is ye'elimite. Its formation, its reactivity and its extent
of reaction and space filling when hydrating define the properties of the cement. Recent advances in understand-
ing these properties are critically analyzed.

Recent activities on the clinker formation and production at laboratory and industrial scale are reported. Ad-
ditionally, the effects of aluminates rich minerals are reviewed in detail, with a focus on their influence on the
hydration mechanism and the resulting hydrates assemblage and its stability in ye'elimite rich systems. Applica-
bility of thermodynamic calculation and its limitations are discussed to underline the role of the environment at

each reaction step on the hydrates assemblage.

1. Introduction

Sustainability is a key factor for the development of construction in-
dustry. In particular, the cement industry in the last decades tried to
develop innovative solutions to enhance cement and concrete perfor-
mances and to reduce the associated CO, emissions. The development
of new binder types is an inherent part of these solutions. In this frame,
ye'elimite-rich cements offer potential to lower the environmental im-
pact [1-5].

The production and use of calcium sulphoaluminate-based clinkers
(CSA) and cements was initially described by Alexander Klein in the late
1950s, mainly for the shrinkage compensation in PC-based concrete [6].
This lead to the invention of ASTM Type K cement based on the “Klein”
compound or ye'elimite which was standardized in ASTM C845-04. A
more general use, like in pre-cast concrete or concrete for cold environ-
ments was done in China under the name “Third Cement Series” [7].
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Research activities focused in the last years either on the ternary
CSA-OPC-CS systems or on the belite ye'elimite ferrite (BYF) clinkers. In
all these studied systems, a particular importance was given to ye'elim-
ite as the main reacting phase at early ages and to the silicate phases
that contribute to the microstructure development and the durability of
these systems at later ages. However, the activities on clinkering process
and especially the associated energies, the saving or the contributions of
minors (e.g. Ternesite, CA, primary and secondary C;,A-, etc...) to the
overall heat and the data from clinkering at industrial scale are scarce
and sometimes failing. Some tentative work on the application of high
temperature thermodynamics to BYF clinker formation and semi-indus-
trial testing has been done and could partially compensate this lack of
information.

Often pure ye'elimite is used as a model system to study the kinet-
ics of dissolution of these cements. In the actual literature review, the
advantages and limitations of this model system are discussed. The ki-
netics of dissolution and of reaction are described with all reported ob-
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served periods or stages of early hydration. The ye'elimite systems are
known to be fast when calcium sulphate is added, whereas stoichiomet-
ric ye'elimite alone is a slowly reacting. The basic theory of its reaction
is discussed where the rate limiting steps are reported. A focus is as well
given to the role of C;,A; on the kinetics of dissolution as recent studies
have shown its importance to describe the chaotic and fast reaction of
some CSA.

In ye'elimite systems, the aluminate containing phases are the first
reacting phases and thus the interaction between the silicate and alu-
minate hydrates through the pore solution is important to understand.
This interaction and the reactivity of silicates is the factor defining the
performance of BYF or ternary CSA-PC-CS systems. The role of sulphate
sources and their impact as well as of retarders on the kinetics of the
reaction and partially on the microstructural development is reported.

Thermodynamics and its applicability at early age hydration to de-
fine the stable hydrates assemblage are discussed shortly. Its limitations
are described. To identify future research needs and to guide our future
research and experimental needs, a summary of recent advances with a
focus on future perspectives is included.

2. Clinker formation
2.1. Fundamentals of BYF clinkers

Ye'elimite rich clinkers can be classified in two groups, low belite
clinker commonly called CSA and high belite clinker named BYF. The
BYF clinkers can be classified in two main groups — with and without
boron. In both cases, the main mineralogical clinker phases are belite
C,S, ye'elimite C,A;S and ferrite C,AF. The main difference lies in the
structural modification of C,S and the presence of an amorphous phase.
Without boron addition, C,S crystallizes in the f-modification (larnite)
as in a classical OPC clinker. In the presence of boron, the high tem-
perature modifications o’ and « can be stabilized even at low temper-
ature [8]. The insertion mechanism of boron in the structure depends
on the presence of alkali atoms in the clinker as investigated by Cuesta
et al. [9]. For a pure sample without alkalis, boron can replace calcium
and silicon to form a Ca,_B,(Si0,);,(BO,), solid solution. The insertion
mechanism is similar to the one observed for aluminium in Ca-silicates.
In the presence of sodium, the tetrahedral borate anion BO,>~ trans-
forms into a triangular-planar BO;®~ anion with a nominal overall com-
position of Ca,_Na,(Si0,); (BO3), for the solid solution. This new struc-
ture proposition gives better fits in Rietveld analyses in clinkers pre-
pared with borax additions.

The presence of an amorphous phase in the clinker is also linked to
the presence of boron. Boron oxide is known to be a strong glass form-
ing agent [10,11]. Its presence stabilizes the liquid phase and increases
its viscosity. Levels of up to 16.5% of amorphous materials were mea-
sured in BYF clinkers using two different experimental methods based
on X-ray diffraction [12].

Ye'elimite exists in two stable modifications, a low temperature or-
thorhombic and a high temperature pseudo-cubic [13]. In BYF clinkers,
typically a mixture of both modifications is observed due to the stabi-
lization of the high temperature modification by substitution of minor
elements [14]. The highest substitution level is observed with Fe3* re-
placing AI** in the structure with a maximum up to 25% (a good review
of the available literature is given in [15]). The insertion level of Fe in a
BYF clinker depends on the melt relations and the presence of the liquid
phase [15].

The ferrite phase Ca,(Fe;_,, Al,),O05 (“C,AF”) is known to have a large
composition range variation with respect to Al and Fe levels [16]. In
the case of BYF clinkers, the composition is generally iron rich with
x = 0.2-0.4. The Fe content is therefore considerably higher than in
OPC clinkers in which x varies from 0.5 to 0.6. The ferrite phase gen-

erally forms from an iron rich liquid phase during the cooling step [12].

During the clinkering process, a series of minor phases may appear
in a transitory manner. These are generally Al-rich compounds such as
mayenite C;,A,, krotite CA and gehlenite C,AS (or more generally, the
melilite solid solution) especially in the presence of traces of chlorine in
the raw mix or the combustion gas. This is due to the fact that ye'elim-
ite is thermodynamically unstable at low temperature with respect to 3
CA + C5 (i.e. its Gibbs free energy is greater than zero). Another transi-
tory phase, ternesite CsS, S, has gained interest in recent years due to its
hydraulic reactivity when present in BYF based cements [15]. This com-
pound can form at temperatures >900 °C from 2C,S + CS, but becomes
unstable at higher temperature where it decomposes into C,S and liquid.
In order to stabilize its presence, a two-step cooling process is proposed
[15] during which ternesite forms on cooling by reaction with the melt.

Free lime levels are generally very low in BYF clinkers. In the pres-
ence of alkalis, classical soluble alkali sulphate compounds may oc-
cur, such as arcanite, aphthitalite or calcium langbeinite. Other poten-
tial compounds observed are perovskite CaTiO; and CasFe,TiOg in high
TiO, bearing raw mixes and periclase MgO if magnesium is present in
excess to the binding capacity of the clinker mineral phases. Substantial
amounts of Mg can be incorporated into the calcium silicates. Bredigte
is then the main calcium silicate-bearing phase. However, at industrial
production, the amount of bredigte is limited. The phase is listed among
the minors.

2.2. Raw mix and alternative raw materials

As discussed before, BYF clinkers are generally characterized by high
levels of alumina and sulphate. While in lab studies pure raw materials
such as corundum and quartz can be used, this would be impossible for
an industrial application. Suited alternative raw materials for these two
components are therefore of great importance. For alumina, high qual-
ity china clay (kaolin) and bauxite are a natural choice. However, due
to their high price, alternative materials are actively searched. In the lit-
erature, low calcium fly ashes (class F, class C), ceramic dust waste and
aluminium anodizing sludge were tested as alumina sources [15,17,18].
For the sulphate, bag house dust, fluidized bed combustion ash, scrub-
ber sludge, flue gas desulphurization gypsum or flue gas sludge, lignite
fly ash and phospho-gypsum were used [19-23]. In addition, marble
dust and calcium looping spent sorbent were employed as alternative
sources for limestone [24,25]. Overall, samples prepared with these al-
ternative raw materials gave satisfactory results in terms of mineralogi-
cal composition of the obtained clinkers.

2.3. Phase formation

There is only one experimental study which investigates the chemi-
cal reactions in BYF clinkers as a function of temperature in a detailed
manner [26]. Starting material was an artificial raw mix from pure
materials which was placed in a platinum capillary. The mineralogical
composition with increasing temperature is studied using synchrotron
X-ray powder diffraction (SXRPD) in transmission mode. The diffraction
pattern of the platinum is used for temperature calibration. The phase
distribution of three BYF clinkers (without, with 1% and 2% boron) is
reproduced in Fig. 1.

A liquid phase occurs at temperatures as low as 1200 °C in the boron
bearing sample by melting the ferrite phase and to a minor extend
by decomposing ye'elimite. It is important to mention, that this phase
distribution depends on the process conditions and the volatilization
of sulphate from the clinker and is therefore not independent of the
experimental set-up. The importance of controlling the SO,(g)/SO5(g)
partial pressures in the gas phase over the clinker was pointed out
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Fig. 1. Phase composition during reaction in a BYF clinker (%wt) as a function of tem-
perature based on Synchrotron X-ray powder diffraction experiments [26] (a) without, (b)
with 1% boron and (c) with 2% boron addition (copyright needed).

by Hanein et al. [27]. If the pressure becomes lower than the equilib-
rium pressure at a given temperature, ye'elimite decomposes and trans-
forms into liquid and SO,(g)/SO5(g). The authors derived from their cal-
culations an interesting new process route by using elemental sulphur
mixed to the fuel as sulphate source for the clinker [28].

There is no systematic study on clinker microstructures available in
the literature for BYF clinkers. However, it is consistently mentioned
[29,30] that these clinkers show higher porosity and small crystal sizes
as compared to OPC clinkers and therefore improved grindability.

2.4. Theoretical heat of formation and CO, balance for BYF clinkers

The theoretical heat of formation for BYF clinkers can be calculated
from available thermodynamic data in commercial databases [31] for
B-C,S and the Ca,(ALFe),05 solid solution and recently published data
[32] for C4,A;5S. The starting materials for the calculation are pure lime-
stone CaCOs;, kaolinite Al,Si,O5(OH),, alumina Al,O5;, hematite Fe,O4
and anhydrite CaSO,. C,S and C,A;S are assumed stoichiometric and
for the ferrite solid solution, a composition equivalent to C¢AF, is as-
sumed. For OPC, the accepted heat of formation value of 1760kJ/kg of
clinker with 67% C,S is assumed for comparison [33]. The calculated
theoretical heat of formation for a BYF clinker with 50% C,S, 30% C,A4
S and 20% CgAF, is 1426 kJ/kg. This value differs from the report value
from Barcelo et al. (1280kJ/kg) [22], because the authors used C,AF
for the ferrite phase instead of CcAF,. A theoretical value of 1426 kJ/
kg corresponds to a reduction of ~20% as compared to standard OPC.
However, it is obvious that such a reduction level cannot be reached in
an industrial kiln due to the various heat losses along the production
line (waste gas, cooler loss, kiln walls ...). As seen before, the clinker-
ing temperature for BYF clinker is 100 to 150K lower than for standard
OPC clinkers. However, as losses do not scale linearly with temperature,
it is not straightforward to evaluate how much the overall heat of clink-
ering (theoretical + losses) would be reduced as compared to OPC but
a conservative guess would —10 to —15% for a given industrial instal-
lation. Nevertheless, there are additional advantages of the lower sin-
tering temperature which are the reduced formation of NO, in the com-
bustion gas and a reduced wear of the refractory bricks in the sintering
zone of the rotary kiln. These additional advantages must be taken into
account while calculating an overall cost of a BYF production.

As seen for the heat of clinkering, the total CO, reduction depends
on the heat losses and therefore on a given installation. The theoretical
savings for the chemical part can be calculated exactly because it only
depends on the limestone level in the raw mix. In the case of OPC, the
CO, from the raw materials corresponds to 546 kg/t of clinker for 67%
CsS, while the limestone level in BYF clinkers reduces the emitted CO,
to 376kg/t for a 50% C,S, 30% C,A;S, 20% C,AF composition which
corresponds to a reduction of 31% [33].

2.5. Industrial clinker production

CSA and BYF clinkers are typically produced from mixtures of nat-
ural raw materials like limestone, clay or bauxite and calcium sulphate
under oxidizing conditions. As for PC, rotary kilns should be preferably
used but alternative clinker burning methods are proposed [34]. A very
simplified production scheme is shown in Fig. 2.

Each cement plant has a particular layout and consequently some
needs related to quality control have to be adapted to the situation. In
addition, BYF clinker production generally requires the implementation
of new quality control concepts to properly drive the process.

It is important to stress the importance of a stable raw meal com-
position and feed to promote formation of the targeted clinker minerals
and avoid strong kiln fluctuations impacting quality and operations.

As a matter of fact, during BYF industrial production, the high fluc-
tuations in raw meal composition influence the clinker formation at sin-
tering zone temperature and excessive free lime in clinker may occur.
The consequence of increased temperature in the kiln is the decrease of
the ye'elimite content due to sulphur evaporation, as observed in lab tri-
als and stated before, and the formation of alite [36-38].

The most efficient clinkering temperature is around 1250°C and
strongly depends on the used raw materials and mix design [2,39]. The
type of used raw material has a strong impact on the clinker formation
and composition as the main minerals like ye'elimite, belite and ferrite
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Fig. 2. Production scheme for CSA/BYF cements adapted from [35], raw meal: A1203/Fe203 source, CaO source, SO3 Source and SiO2 Source, Clinker production at 1250 + 50 °C, Ce-

ment grinding: clinker + anhydrite or gypsum.

can incorporate significant amounts of foreign anions. Mineralizers to
reduce the clinkering temperature such as CaF, might be used. These
mineralizers tend to stabilize certain aluminate phases e.g. C;,A;. Addi-
tionally this should also stabilize the formation of F-ellestadite [40]. An-
other impact arises from the formation of intermediate phases. Depend-
ing on the alumina source used, the formation of intermediate phases,
e.g. gehlenite (C,AS), CA... occurs and defines the kinetics of the forma-
tion in the kiln. As stated before, a novel and very promising approach
using elemental sulphur and/or sulphur-rich products as main fuel for
the production of CSA/BYF was presented by Hanein et al. [41]. This
approach does not only enable the significant reduction of process re-
lated CO, emissions but at least partial replacement of conventional hy-
drocarbons like oil or coal. The combustion of elemental sulphur will
result in the oxidation of sulphur and formation of gaseous SO,. The
gaseous SO, can absorbed from the kiln atmosphere by the reaction
with some of the raw materials components. For example, in the system
CaO — Al,05 - SiO, phases like lime, belite and calcium aluminates can
react with the gaseous SO, to form new minerals like anhydrite, terne-
site and of course ye'elimite.

As mentioned before, overburning of BYF clinker is not recom-
mended as compared to OPC in case of difficult burnability due to in-
creased sulphur evaporation and decomposition of ye'elimite, so strict
control of raw meal production is the most adequate means to guaran-
tee smooth kiln operation and good clinker quality.

The use of X-ray diffractometry in quality control of BYF clinker pro-
duction is fundamental. Opposite to OPC, where it can be considered
a useful complement to conventional XRF analyses, XRD is an essential
tool to be implemented in shift labs. The achievement of proper clinker
composition by well-adjusted burning conditions is only controlled by
diffractometry, since chemical analyses cannot prove the correct combi-
nation of oxides into the desired amounts of ye'elimite, belite and mi-
nors. The clinkering process is sensitive to changes in burning tempera-
tures and the impact those variations have on the final clinker composi-
tion.

While operating clinker production, the following point should be
controlled:

e 0O, in the kiln inlet has to be closely controlled and kept at a minimum
level to avoid reducing conditions and SO, emissions

e Similar chloride control as OPC clinker production is required to
avoid the formation of phases like chloro-mayenite or ellestadite. This
means that in certain kiln lines a by-pass would be required

e A pyrometer to monitor burning zone temperature would provide use-
ful information on sintering conditions.

Additional measures shall be placed to reduce ring and ball forma-
tion. Better monitoring of the minors content of the raw mix (chlorides)
as well as the installation of equipment that would destroy rings/balls
from burner platform is needed while producing this clinker type. The
kiln shall be operated at much higher rotational speed than usually set
for OPC clinker production to reduce the residence time in the sintering
zone. BYF clinkers have a tendency to create generally bigger clinker
nodules than OPC even if higher kiln speed will be applied. However, at
the same time, ye'elimite has a tendency to form small crystals (see Fig.
3) in comparison to lab clinkers which may influence its reactivity and
have a positive impact on the grindability.

Other major phases, typically present in CSA and BYF clinkers, are
calcium silicates like belite and ternesite as well as calcium ferrites like
brownmillerite and srebrodolskite. Many different minor (reactive and
inert) phases could be present as well, depending on the raw mix design
and the process conditions. When comparing the clinker minerals and
their associated CO, footprint it becomes obvious that the combination
of ye'elimite, belite (ternesite) and brownmillerite offers high potential
for CO, saving compared to PC going from from 20% for high belitic
systems BYF to 35% in the case of CSA [2].

Metha [39] proposed Eq. (1) for the calculation of the raw mix com-
position. According to the author it is possible to adjust specific cement
features by targeting the appropriate clinker compositions. The cement
performance would mainly depend on the ratio of calcium sulphate over
ye'elimite [42]. By combining Eq. (1) with a modified Bogue calculation
it would be possible to define the cement properties.

Cp=0.135M54

s @

where C; is the molar ratio of calcium sulphate over clinker; M is the
molar ratio of calcium sulphate over ye'elimite; A is the mass % of
ye'elimite in the clinker and g is the mass % of SO5 in the used calcium
sulphate and 0.13 is the stoichiometric factor containing all the conver-
sions between mass and molar units.
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3. Hydration of ye'elimite-based systems
3.1. Advantages and limitations of model systems

To simulate the reaction kinetics of the OPC, CsS is often used as a
model system. Generally, synthetic C3S have a hydration pattern similar
to OPCs regardless of their differences such as fineness or composition
allowing its use as model to understand the early kinetics, duration and
underlying mechanisms controlling the hydraulic reactions [43-45] (see
Fig. 4a).

Synthetic ye'elimite is used as a reference system for CSA and BYF
by analogy with C;S and OPC. The heat release of different ye'elimite
rich cements (CSA, BYF cements, stoichiometric ye'elimite and iron rich
ye'elimite cements) normalized to ye'elimite content of the cements are
shown in Fig. 4b. CSA, BYF and Fe-ye'elimite cements reveal very dif-
ferent hydration kinetics unlike OPC and CsS. In addition, the hydration
of synthetic ye'elimite has a different kinetics than that of CSA and BYF
and Fe-ye'elimite cements. However, it is possible to use synthetic ye'e-
limite as a model system to explain the hydration reactions of CSA and
BYF if the data are carefully analyzed.

— OPC

C4A25Fp2S | 3

Heat release (mMW/g anhydrous)

H - H o 0 : T T T T T T T T 1
Industrial BYF °'"_1_k‘i_: h250 0 8 16 24 32 40 48 56 64 72
e 20 g Time (hours)
) : * : 20 ——BYF2
g . 184 —
5 3 ——Fe-Y+G
16 —Fe-Y+G - Qz

14

Heat release (mW/g annyarous)

10 pm EHT = 20.00 kV Signal A= HDBSD Mag= 200KX
WD = 9.0 mm Material = C Sample ID = 40028

Fig. 3. Scanning electron micrograph of polished sections of Y and Fe—Y and industrial 0 T T T T AT
BYF clinker from (1: Ye'elimite, 2:Ferrite) [35]. 0 4 8 12 16 20 24 28 32 36 40 44 48
Time (hours)

Fig. 4. Rate of heat evolution from isothermal conduction calorimetry of (a) OPC and C5S
at 20°C and of (b) CSA, BYF and Fe—Y with and without gypsum at 20 °C. The data are
normalized per g of anhydrous ye'elimite. The water/solid ratios are 0.5 for the clinker
and 2.0 for the synthetic ye'elimite systems.
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The model system ye'elimite presents a simplified but synthetic pic-
ture of the early behaviour of ye'elimite based systems. However, it is
necessary to keep in mind that model systems do not represent full re-
ality. It helps to simplify the problem by eliminating other interactions.
The investigator can control the increase of the complexity level by
adding e.g. alkali sulphates, changing the pH, etc... Using ye'elimite as
model system is preferable to study the kinetics when the objectives and
limitations of its use are known and precise. Studying a BYF cement,
however, is not trivial as the raw materials condition its reactivity and
the behaviour differs from one clinker to another (see Fig. 5).

3.2. Periods of hydration

In all systems, the calorimetric pattern of hydration clearly shows
five different periods (see Fig. 6):

e Initial period “I”: Wetting and rapid dissolution of a small quantity of
cement

e Induction or slowdown period “II": also referred as low heat activity
period

e Acceleration period “III": (Re-) Acceleration of the dissolution of ye'e-
limite.

e Period of main hydration “IV” including a heat deceleration phase

Slowing of the reaction “V”, continuous dissolution of the phases but
with transformation, (re)crystallization and growth of hydrates

At the beginning (the initial period), a rapid dissolution in contact
with water takes place followed by the formation of mainly amorphous
hydrates and some traces of ettringite. The precipitation of amorphous
aluminium hydroxide (usually exothermic in the presence of gypsum)
has been reported to cause an endothermic reduction in the heat of hy-
dration [35]. The same observation but in alkali activated slag systems
were reported by Ben Haha et al. [46] where they observed the pres-
ence of an endothermic peak in calorimetry with increasing the alu-
mina content of the slag and keeping the ratios of other oxides con-
stant. A slowing down of the reaction occurs mainly due to a signif-

251
—— BYF1
— BYF2
é - — BYF3
o
S 15
E
1]
@
2 10
p
®
']
I 5_

0 4 8 12 16 20 24 28 32 36 40 44 48
Time (hours)

Fig. 5. Rate of heat evolution from isothermal conduction calorimetry of 3 different BYF
industrial cements (same mineralogy, only minors and alkalis differs) at 20 °C at w/c ratio
of 0.5.

icant increase in the concentration of the different ion species in the so-
lution.

This increase is followed by an induction period (period II) where
almost no dissolution of ye'elimite is detected and where only a continu-
ous formation of the “ettringite” is observed as crystalline detectable hy-
drate [47]. The formation of ettringite leads to a continuous decrease in
the concentration of sulphate ions and controls directly the duration of
this period. Following the decrease of the concentrations of the different
ionic species in the solution, an acceleration period (period III) where a
fast dissolution takes place with the beginning of monosulphate and alu-
minium hydroxide precipitation. The formation of ettringite slows down
progressively and a total exhaustion of the sulphate ions in the solution
is observed at the end of this period. The decrease of sulphate is accom-
panied by a considerable increase of the pH.

The main hydration period including the deceleration phase (phase
IV) starts once the sulphates species are no longer detected in the solu-
tion and the pH continues to increase. The pH increase promotes the for-
mation of monosulphate and the crystallization of gibbsite-type micro-
crystalline aluminium hydroxide. The duration of this period depends
mainly on the dissolution rate of ye'elimite. Once dissolution is slowed
down to a negligible extent, a thermodynamic equilibrium between the
solution and the hydrates starts to get established. A transformation of
amorphous phases and/or (re)crystallization and growth of the differ-
ent hydrates present leading to a decrease in the concentration of alu-
minium due to the decreased solubility of the Al-bearing hydrates is
observed. Over time the C-A-H gel that precipitates at early hydration
time transforms towards (micro)crystalline phases like CAH,,, C;,AH, or
C3AHg together with AH; whereby the composition of the (final) assem-
blage depends on the applied temperature and the time.

3.3. Kinetics of dissolution and rate limiting steps

The pH of BYF cements [48] is higher than for CSA cements with
lower belite and ferrite contents [49]. Lower pH of CSA could be the re-
sult of cleaner raw materials used for their production. At comparable
alkali content, the early age pH should be same as it is buffered by type
of phases and not by their content.

In the literature, several hypotheses are put forward such as the poly-
morphism of ye'elimite [50,51] or as recently proposed the initial min-
eralogy composition in addition to crystallinity (morphology) of ye'elim-
ite [52].

Geochemistry can explain the dissolution results as well as the slow-
down observed after the increase in solution concentrations [43,53-55].
The dissolution rate is high at the beginning following the addition of
water and thus a high degree of under-saturation is observed which pro-
motes the dissolution of ye'elimite from the first minutes as reported
by [47,50-52]. Ionic concentrations therefore increase rapidly. The in-
crease in the concentrations of the solution, in particular aluminium and
sulphates in relation to calcium ions, slows down the kinetics and limits
the dissolution of anhydrous phases.

The precipitation of monosulphate should happen with the dissolu-
tion of ye'elimite to deplete instantly all released sulphate ions. How-
ever, some research groups [47,56,57] report a slow decrease in sul-
phate concentration with the occurrence of a slow formation of ettrin-
gite instead. Indeed, ye'elimite dissolution is generally accompanied by
high concentrations of aluminium [35,47,52,58]. The low pH limits the
precipitation of monosulphate while AH; precipitation limits the nucle-
ation rate of ettringite as suggested from investigation of Damidot [59]
and confirmed by experimental work from Bullerjahn et al. [47],

Additionally thermodynamics calculation from Zajac et al. [60]
could confirm from theoretical calculations how the pore solution con-
centrations and potentially the AH3 precipitation controls further et-
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Fig. 6. Idealized hydration scheme for ye'elimite and the corresponding hydration stages from [35] (phase evolution wt% and concentration (mol/1).

tringite formation. Thus, it slows down hydration kinetics creating an
induction period.

The potential absorption of sulphate at reactive dissolution sites
slows the rate of dissolution as previously observed for C;A studies [61].
An important difference between the hydration of ye'elimite and C;A
is that sulphate is part of the crystalline structure of ye'elimite and is
released with calcium and aluminium where C;A dissolution releases
much less aluminium and more calcium [61] compared to ye'elimite.

The theory of the protective layer or membrane due to an instant
precipitation of amorphous phases covering anhydrous grains that con-
stitutes a diffusion barrier that would slow down the dissolution of ce-
ment materials as suggested by [62-64] can be eliminated as rate lim-
iting factor of any period. Champenois et al. [65] reported that, when
the mixing solution contains boric acid (at 1 mol/L), an amorphous bo-
rate gel precipitates initially and retards cement hydration by a mech-

anism which is not fully understood. Several assumptions may be postu-
lated, such as the setting of chemical conditions unfavourable to the dis-
solution of anhydrous cement phases, or the decrease in the diffusivity
of ionic species since this compound precipitates as a very hydrophilic
gel-like phase.

However, Few seconds after contact with water and before any layer
covers the anhydrous grains, a slowdown of the reaction is already ob-
served [47,52] in a highly stirred solution in suspension experiments.
SEM images suggest that no layer is present while the slowing down of
the dissolution process is observed [35].

3.4. Impact of mayenite on the solution composition and hydration kinetics

Bullerjahn et al. [52] studied the hydration of Fe—Y in comparison
to stoichiometric ye'elimite. Besides the polymorphism that was inves-
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tigated previously by other groups [50,51], they found that the main
mineralogical difference is the occurrence of the mayenite in the sys-
tems with Fe-rich clinker. Secondary mayenite formation is the result of
the decomposition of the ye'elimite in Fe-rich clinker [66]. The lower
Al/Ca ratio provided by mayenite compared to ye'elimite promotes the
nucleation of ettringite. Even if higher aluminium concentrations than
stoichiometric ye'elimite are present at a given sulphate level, the high
calcium concentration coupled to the high aluminium one, promotes a
faster and easier nucleation of CAH,, and of ettringite [52,59,67,68].
This was as well confirmed by the thermodynamic calculation done by
Zajac et al. [60]. Since the dissolution and nucleation processes are cou-
pled reactions, any factor favouring one of them will in turn cause the
acceleration of both [69].

Bullerjahn et al. [52] could prove that the polymorphism has a lim-
ited impact in comparison to the presence of mayenite in the Fe-rich
systems. To verify their statement, they added ground synthetic mayen-
ite to stoichiometric ye'elimite. They could reproduce the faster initial
reaction as well as the high pH value observed in Fe—Y during the ini-
tial period. A shortening of the induction period was observed as well
when comparing both synthetic ye'elimites and the combination of 1%
mayenite and synthetic ye'elimite. In another set of experiments, the
role of gypsum on the hydration kinetics of ye'elimite, Fe-ye'elimite and
additionally the impact of mayenite additions to stoichiometric ye'elim-
ite was tested in stirred suspensions (see Fig. 8). An identical curve, for
both the conductivity and pH evolution between stoichiometric ye'elim-
ite + gypsum (1M/1M) with the addition of mayenite and Fe-ye'elim-
ite + gypsum is observed. The shape of the initial period is reproduced
as well. The dissolution of mayenite, even if present in trace amounts,
continues during the first few seconds until a few minutes of hydration,
modifying the Al/Ca and Al/S ratios, and thus promoting nucleation and
growth of ettringite. As ettringite uses more calcium than is released
by the dissolution of ye'elimite, aluminium ion concentration should in-
crease compared to calcium, which is normally the case during the ac-
celeration period. These concentrations of the pore solution favour the
precipitation of amorphous aluminium hydroxide and CAH;,. The for-
mation and growth of monosulphate may be kinetically hindered. Ad-
ditionally, literature reports that sulphate ions cause a faster nucleation
of amorphous aluminium hydroxide [70-72]. The addition of gypsum
leads to a more uniform hydration pattern with an acceleration of the
reactions. Based on the findings described by several research groups
[50,51] it is evident that the addition of gypsum results in a faster for-
mation of ettringite, almost independently of the ye'elimite composi-
tion. The sharp peak at about 13h (see Fig. 7) is probably related to the
point of the sulphate depletion and re-accelerated ye'elimite dissolution
as suggested by Winnefeld and Barlag [73].

The higher pH or faster reaction in iron-rich CSA, i.e. Ferro-sulphoa-
luminate cements (FAC) [74], or synthetic Fe-ye'elimite (Fe-Y: solid so-
lution) [51] can be thus explained by the conditions promoting faster
nucleation and growth of ettringite as result of mayenite dissolution
and thus faster consumption of sulphates. This depletion of sulphates
in the solution is the trigger for the rapid dissolution of ye'elimite and
the precipitation of monosulphate. The presence of mayenite as de-
scribed before results generally from the decomposition of ye'elimite
when higher amount of iron is added. Indeed iron additions leads to
faster ye'elimite and clinker formation, followed by a faster decomposi-
tion of the ye'elimite and sulphur volatilization. Traces of mayenite in
ye'elimite-based cements might be as well not easily detectable by XRD.

A similar impact of mayenite on the hydration of calcium alumi-
nates alone and in the presence of gypsum is already known. Raab
[75] analyzed the hydration of pure krotite and in the presence of
mayenite. He was able to show that the concentration of calcium com-
pared to aluminium ions was higher in the presence of mayenite and

70
1 wib 0.5 — Y
1 — Y +1% C12A7
60 - — Fe-Y
50
40

Heat release (mW/g anhydrous)

0 4 8 12 16 20 24 28 32 36 40 44 48
Time (hours)

70+

1wib2 —

] Y+1% C12A7
60 - — Fe-Y

Heat release (mMW/g anhydrous)

0 4 8 12 16 20 24 28 32 36 40 44 48
Time (hours)
Fig. 7. Comparison of the evolution of the heat hydration of ye'elimite (Y),ye'elimite

with 1wt% mayenite (Y + 1% C;,A;) and Fe-ye'elimite (Fe—Y) at w/b = 0.5 and w/
b = 2. Adapted from [35].

L P S . = — 13

E
S
w
E
2 =
7] :
E [
g 1 —+G L10
0 o Y+G & 1% CizA7 |
Fe-Y+G [
: . +9

0 10 20 30 200 400 600 800 1000 1200 1400
Time (minutes)

Fig. 8. Evolution of the conductivity and pH of Y + G and Y + G with 1 wt% mayenite at
w/b =100, Fe-Y + G for comparison Y/G 1M/1M. Adapted from [35].



M.B. Haha et al.

1000 14

100 5

104

/—_13;
[=%

Al concentration (mmol/l)

0.1 4

0,01 T T T T T — 12
0.1 1 10 100 0.1 1 10 100

Time (days) Time (days)

C,S saturation index (-)
&

-12 T T 1
0.1 1 10 100

Time (days)

Fig. 9. Evolution of a) Al concentration, pH, and b) saturation indices of belite over time
for a BYF system (dark grey zone: belite starts to react). Adapted from [134].

that the induction period was shortened. Similarly, the presence of
mayenite causes the acceleration of the hydration kinetics of CAC
clinker [64,75].

3.5. Hydrates at early ages

3.5.1. Calcium rich aluminium hydrates

The (meta)stability of the hydrates formed is another essential aspect
to consider when studying CSA and BYF cements that has been recently
highlighted by Winnefeld and Lothenbach [76].

The stability of ettringite and AFm phases is often a subject of de-
bate. These phases form solid solutions at the different stages of hydra-
tion with different stabilities. The formation kinetics, type of retarder
used and the ions present in the pore solution often lead to wide range
of solid solutions formed [48,77-80].

In cementitious systems, a transformation of ettringite to monosul-
phate or vice versa is generally observed depending on the alkalinity
and sulphate concentration of the pore solution [81]. Recently, the sta-
bility of AFm and AFt has been described according to new factors such
as relative humidity, water activity and temperature [82-84]. During
the different hydration steps, the CSA and BYF pore solution concentra-
tions cover a wide range of pH and sulphate concentrations. The stabil-
ity range of ettringite in these systems is still under discussion. Several
authors and results reported on the hydration of the different types of
cements that ettringite is stable in a pH range of 9 to 13 [45,85-88].
In synthetic systems, and at higher pH (>13) a morphological change
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from the needle to the spherical aspect is observed [89-91]. At higher
pH, the formation and stability of AFm phases are promoted over et-
tringite [58,92-95]. The (initial) pH of CSA/BYF and ye'elimite which
varies from about 10.0 to 11.5 [47,48,73,96-100] favours the formation
of ettringite.

Hydration kinetics also influences the formation of metastable
phases. For C;A [61,101], its rapid dissolution causes the massive for-
mation of monosulphate in two hydration stages, where “AFm 14H” and
“AFm 16H” are favoured to the detriment of ettringite when sulphates
are consumed. The AFm 16H phase is the phase formed at the begin-
ning, but transformed over time into AFm 14H, which is thermodynam-
ically more stable.

Amorphous calcium aluminate hydrate (CAH) generally forms dur-
ing hydration of aluminate and sulphoaluminate cements
[52,57,60,102,103] where a chemical composition close to CAH,, is
reported [104]. This gel is a metastable phase and dissolves with the
progress of hydration to form new metastable intermediate microcrys-
talline phases such as C,AHg or C;AHg which is the most thermodynam-
ically stable phase in combination with AH,. Different hydrate assem-
blages can be formed depending on the initial water, curing conditions,
calcium availability, applied temperature and curing time [105,106].
Aluminate phases are the phases whose stability is most affected. These
phases are the same observed in the early hydration of ye'elimite-based
cements [57,68,76]. These microscopic changes generally lead to
changes in macroscopic properties. Indeed phase transformation is gen-
erally accompanied by the release of chemically bound water which in
turn creates additional porosities and a denser hydrate assemblage is in
place [68].

3.5.2. Aluminium hydroxide

Recently, the microcrystalline AH; phase present in CSA has at-
tracted research attention [50,51,97,107-112]. It forms besides ettrin-
gite and monosulphate from ye'elimite in the absence of significant
sources of calcium hydroxide [9,41,42] and is generally X-ray amor-
phous. In the microstructure of hardened CSA ettringite-rich and
AH,-rich domains can be distinguished, which exhibit different mechan-
ical properties as determined by nanoindentation [116]. Furthermore it
is suggested that AH; might have a positive influence on compressive
strength [108].

Phenomena such as transient losses of macroscopic properties and
increased porosity [68] are suggested to be related to the formation and
crystallization of amorphous aluminium hydroxide.

In geochemistry and especially by studying clays, the formation,
composition and stability of (oxy-)aluminium hydroxides has been in-
vestigated extensively. Aluminium hydroxide is characterized by its
high water content in the amorphous state that is released during the
recrystallization process. The compositions/concentrations of the solu-
tions and the resulting nucleation rates also influence the type of alu-
minium hydroxide formed and its crystallinity [117,118]. The nature
of the initially precipitating aluminium hydroxide changes as a func-
tion of the saturation state of the solution [118-120]. The pH be-
low 11 [99,109,110] favours the formation of amorphous aluminium
hydroxide. The increase of temperature and/or curing time increases
the crystallinity. Additives, admixtures and retarders to control, delay
or inhibit nucleation, influence the morphology and the crystallinity
also of this hydrate [109,110]. By mass balance calculations based on
QXRD and 'H-TD NMR it was found that at early hydration times alu-
minium hydroxide produced from the reaction of ye'elimite and gyp-
sum contains more water than referring to the formula AH; (rather
AH, with x~7) [51]. At later ages the water is released again re-
forming AH,. Bullerjahn et al. [68] reported the release of adsorbed
sulphate in addition to the water contribute to the hydration reac-
tions generating additional ettringite. Ptychographic X-ray Computed
Tomography was used to study the special distribution of hydrates (Fig.
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Fig. 10. Effect of retarders on pH and Al concentration in pore solution and ye'elimite reaction. C: BYF clinker, CAH: BYF clinker + microanhydrite, T: Tartaric acid, B, Sodium borate, G:

Sodium gluconate at W/C = 2. Adapted from [48].

12), and in particular the properties of the aluminium hydroxide pre-
sent in ye'elimite-containing pastes [109]. In pure ye'elimite pastes a gel
with a high water content containing some calcium with the formula
(Ca0), 04Al(OH)42.3H,0 was detected, whereas in hydrated ye'elimite
blended with gypsum a gel without significant water content with the
formula (Ca0O),,,Al(OH); was identified. The densities of the AH; gels
were lower (1.48g/cm® and 2.05g/cm?®, respectively) than for crys-
talline gibbsite (2.40 g/cm?®). For the density of AH; gel in a CSA cement
paste, a value of 1.5g/cm® was found. AH; present in CSA cements has
a nano-gibbsite local structure with a particle size of 3-4nm [112]. The
calcium contents in the gels probably originate from intermixing with
AFm phases as evidenced by HR-TEM/EDS [107,109].

It has to be mentioned that the amorphous content of hydrated
CSA-based systems as determined by QXRD [12,123] does not only con-
tain AH;, but also X-ray amorphous ettringite and AFm-phases as evi-
denced by NMR spectroscopy [123], synchrotron pair distribution func-
tion analyses [112] and mass balance calculations [124,125].

The knowledge of the conditions of its formation and transforma-
tion (change in crystallinity and morphology as well as water content)
is very important to understand the hydration of these systems. Re-
cently, Hargis et al. [113] have shown experimentally that the rapid
dissolution of ye'elimite is accompanied by the formation of an alu-
minium hydrate “gel layer” overlying the anhydrous particle. This layer
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serves as a point of nucleation and growth for ettringite in the surround-
ing space.

The polymorphism and crystallinity of aluminium hydroxide could
be thus controlled by the nucleation rate, the pH, temperature and the
presence of complexing or chelating agents.

The sulphate ions in the solution have a particular impact on the nu-
cleation and growth of aluminium hydroxide, which in turn influences
its crystallization [47]. The rapid kinetics of dissolution of the ye'elimite
and the high sulphate content promotes the formation of an amorphous
precursor hydrate two to five times more voluminous than stoichiomet-
ric AH; [35]. The affinity for adsorption of sulphate ions on this amor-
phous phase delays its crystallization. Its further polymerization and re-
crystallization is accompanied by the release of these sulphates [68].

Several similarities from previous CSA studies can be drawn when
we consider this information. The pH of about 10.0 to 11.5 (down to
8.5 in the presence of some retarders [48]) favours the formation of alu-
minium hydroxide in its amorphous form. The rapid reaction and the
presence of sulphate tend to favour this amorphous formation. Deplet-
ing the sulphates in the solution and increasing the pH throughout hy-
dration would result in the crystallization of this hydrate and the forma-
tion of bayerite [126] or gibbsite [51].
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Fig. 11. QXRD results for a CSA clinker containing 69 mass-% ye'elimite and 20 mass-%
belite a) blended with 15 mass-% gypsum and hydrated at w/c 0.40 (g0.15_wc0.4), b)
blended with 15 mass-% gypsum and hydrated at w/c 0.80 (CSAB_g0.15_wc_0.8), and c)
blended with 25 mass-% gypsum and hydrated at w/c 0.80 (CSAB_g0.25_wc0.8). Taken
from [160]. Copyright needed

3.6. Silicate aluminate interactions

Whether in a CSA-OPC-CS ternary system or in a BYF, the mi-
crostructure is already dense with aluminate hydrates precipitated fol-
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Fig. 12. Three-dimensional renderings of the segmented volumes derived from Ptycho-
graphic X-ray Computed Tomography showing the components for (a) ye'elimite paste af-
ter 8days of hydration; (b) ye'elimite-gypsum (molar ratio 1:2) paste after 18days of hy-
dration; and (c) CSA paste (CSA clinker containing 72 mass-% ye'elimite blended with
25 mass-% anhydrite) after 22days of hydration. Colour codes: for hydrated phases, dark
blue-AFm, green-AFt, yellow-A-H gel; for anhydrous phases, brown-ye'elimite (and gyp-
sum), purple-Ca,SiO,, pink-MgO; for porosity, light blue-water porosity, red-air. For CSA
paste, AFt and A-H gel are segmented together (green). Scale bar = 5um. Taken from
[109]. Copyright needed

lowing the reactions of ye'elimite or other aluminate phases, which are
often mainly complete after 1day of hydration. Thus, the silica-rich
phases (C,S, CsS, etc...) react in a solution that is rich in Al following
the equilibrium of the latter with the aluminate-rich hydrates. The re-
action of the silicate is generally slow and do not start and/or progress
for several days or weeks [4,127-129]. In BYF, belite reacts in the pres-
ence of several alumina-containing hydrates and especially in the pres-
ence of aluminium hydroxide. This presence influences both the kinetics
of the calcium silicate phases and the hydrate assemblage that follows
their hydration. The slow kinetics and the interaction between silicate
and aluminate are due to two main phenomena:

e Densification of the microstructure; similar to what observed with the
reactions of SCMs at advanced ages in the OPC system, the space oc-
cupied by the water at the beginning is gradually filled by hydrates
which limits further hydration [130-132].

e The solution composition and the accumulation of anions (e.g. Al)
in the pore solution [48]. These elements have been known to neg-
atively impact the reaction of silicates as observed in several studies
[133-135].
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The effect of pore solution composition and ions present has been
discussed in several studies. The composition of the solution at later
ages of hydration is close to equilibrium [93] and is largely determined
by the hydrates present in the microstructure [49,119].

The solubility of hydrates is lower than that of anhydrous materi-
als. On the one hand, this allows the hydration process to occur, on the
other hand, it indicates that hydrates have a more pronounced impact
on the concentrations of the porous solution.

Despite the relatively high alumina concentrations, thermodynamic
calculations indicate that the silicate phases are undersaturated (see Fig.
9) and therefore do not explain the low reaction kinetics of alite and be-
lite observed in ye'elimite-rich systems. Ion species and concentrations
in solution are strongly controlled by the dissolution of the silicate and
by the precipitation of stratlingite and C-S-H.

The dissolution of C,S is characterized by a solubility already among
the lowest of all anhydrous systems [42]. In general, the lower the (un-
der-)saturation, the faster the hydration is. It has been observed that
calcium silicates are more undersaturated at lower amount of gypsum
additions [57]. However, calcium silicate reacts with similar or slightly
slower kinetics, indicating that another phenomenon is important. Ad-
ditionally, during the first days of hydration in CSA systems, alite in
ternary OPC CSA systems react more quickly when gypsum is added
than in samples without gypsum while belite in BYF cements reacts
slower when gypsum is added [57]. When analyzing the pore solution
composition, the alumina concentration decreases more rapidly in gyp-
sum systems since its concentration is controlled by the solubility of
ettringite and gypsum [48]. The high concentration of alumina slows
down the dissolution of calcium silicates as reported in previous studies
on calcium aluminates [135,136]. Comparable to OPC, belite begins to
react when the pH is high. A higher pH is reported to limit the effect of
alumina of the pore solution on the kinetics of calcium silicate [48]. The
acceleration of the reaction of belite in BYF systems is always correlated
with the crystallization and the consumption of aluminium hydroxide
that it is leading to the decreasing concentration of alumina in the pore
solution. This in its turn increases the pH and improves the reactivity of
belite at a later age [48].

Other silicate phases besides belite contribute to the long-term hy-
dration reactions. Ternesite (C5$2§), which may form when excess an-
hydrite is present in the raw meal [127], is generally considered to be
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< Fig. 14. Ternary diagram C,A;5 - C,S - CS at 20°C, a) ettringite, b) C-S-H, ) strétlingite
contents, and d) total volume of hydrates in cm® per 100 g unhydrated solid. The dotted
lines in Fig. 14a represent different molar ratios between ye'elimite and anhydrite. Taken
from [76,140].

a} 120 4
100
§ 80 4 pore solution
8 stratlingite
&
O 604
o AH;
8 4
= fluorellestadite -monosulfate -
£ 404 ]
o
Time [Days]
b) 110
100
0 pore solution
B0

phase volume / cm*/100 g binder

; z e
i s .

7

. S

20 25 30
fly ash / mass-%

3B 40 50

Fig. 15. a) Thermodynamic modelling of CSA cement hydration over time (taken from
[100]), b) Calculated hydrate assemblages of a CSA-cement/fly ash blend (55/45 by mass)
as a function of fly ash reaction degree (adapted from [138]). Copyright needed for a)

an inert phase, however it is able to hydrate in the presence of AH; or
calcium (sulpho)aluminates to form strétlingite [57,127,137] and cal-
cium sulphate. The latter is available for further hydration reactions, i.e.
ettringite formation from ye'elimite. It was found that ternesite is more
reactive than 8-C,S [15,127]. Fluorellestadite (C953§3~CaF2) may be pre-
sent in CSA clinkers when a mineralizer containing fluorine was used
or the raw materials (e.g. fluorogypsum) contained significant amounts
of fluoride [23,138]. This phase is hydraulically active as well, and its
reactivity exceeds as well the one of 3-C,S [23,100]. Gehlenite (C,AS),
which may form in significant amounts in laboratory and also industrial
clinkers, is not fully inert as well. Like in calcium aluminate cements
[139], some gehlenite might react and form strétlingite on the longterm
[140].

In addition to strétlingite also other hydrates form besides ettrin-
gite, monosulphate and AHj. Calcium silicate hydrates C-S-H occur at
high belite contents and/or belite hydration degrees [76,141], but is
challenging to identify especially if it occurs in low amounts [138].
CAH,, may form at early age in CSA clinkers and CSA cements with
low contents of calcium sulphate (generally anhydrite) as explained
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Fig. 16. Solubility of AH; as a function of time. The solubility change over time was fitted
using the data from Lothenbach et al [119]. The data from Capmas and Ménétrier-Sor-
rentino (3 to 9min) [208] and Pokrovskii and Helgeson [209] (Gibbsite) were omitted
from the equation fit because their exact times could not be determined but are shown for
reference. Taken from [100]. Copyright needed

previously, and disappears at later hydration times [76]. Hydrogarnet,
often incorporating iron and silicium, which forms at ambient temper-
atures only in the long-term [142,143], can be found at temperatures
of 40°C and above already at hydration times of 28 days and even ear-
lier [144,145]. Selective extraction using salicylic acid/methanol can be
used to improve the identification of siliceous hydrogarnet [146].

3.7. Impact of retarders

Cement hydration can be delayed in two ways: by inhibiting the dis-
solution of one or more reactive solids or by inhibiting hydrate precipi-
tation.

According to the retardation of CSA in the literature, the exact and
detailed mechanisms of hydration inhibition cannot be clearly identi-
fied. However, the main means of retardation can be grouped whether
the retarder mainly inhibits clinker dissolution or hydrate precipitation.

3.7.1. Fruit acids

Fruit acids are known calcium chelating ligands whose resulting
complexes are poorly soluble in water. Comparing calcium concentra-
tions of samples with fruit acids to reference ones, a significantly higher
concentration is found. However, chelating alone cannot be the only
cause of delay. This type of retarder must also ensure a certain affinity
to aluminium. The increase of pH as well can destabilize the retarder
chelating compounds and reaccelerate the reaction. pH values above
11.5, for example are reported to dissolve the complexes formed with
aluminate and to release Al(OH),™ in the solution [147].

The limited results on CSA systems lead us to make parallels with
other aluminate-based systems. The mechanisms of C;A reaction retar-
dation by tartrate have been described in the literature [148]. The acids
adsorb directly to the surface of the C;A and block its reaction with wa-
ter. The mechanism involves chelating calcium with tartaric acid fol-
lowed by precipitation of a layered calcium tartrate that covers the sur-
face of the C;A grains, thus inhibits further hydration.

Fruit acids inhibit the nucleation and growth of ettringite [89].
Knowing that ettringite can adsorb large amounts of negatively charged
polycarboxylate superplasticizers [149], and knowing that the fruit
acids used are generally negatively charged, these acids could thus ad-
sorb on ettringite surfaces and block its growth. Indeed, the results pre-
sented by Zajac et al. [48] show that the growth of ettringite is inhib-
ited, which leads to oversaturation of the pore solution with respect
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to ettringite without being able to observe any precipitation (see Fig.
10). Consumption by absorption in the volume or adsorption on the sur-
face of the hydrates slows down the reaction. Once the retarder is con-
sumed, the kinetics of the reaction reaccelerates as in the case of non-re-
tarded samples.

3.7.2. Borate compounds

A low pH of the cement pore solution is observed when adding
borates generally associated with the presence of B(OH),~ species in
the cement pore solution. Boric acid is a weak acid in water, with a
very limited solubility at 25°C. The mononuclear species B(OH); and
B(OH),™ are present and are generally the most abundant present in the
solution. Polyborates occur only at boron concentrations above 1g/1. In
cement solution generally with a pH >9, B(OH),™ is dominant [150].

If sodium borate is used as retarder, the precipitation of the min-
eral called dawsonite (NaAlCO5(OH),) has been reported and suggested
by Zajac et al. [48]. This mineral is known in CAC cements exposed
to an alkaline environment [151]. However, this phase may only be a
metastable phase that captures alkaline ions keeping the pH of the so-
lution low. Borate ions, on the other hand, which are quickly and par-
tially depleted from the solution, could precipitate into two hydrates:
(i) ulexite CaNa[B;04(OH),]-5H,0 with a very low crystallinity, which
forms transiently during the period of low thermal activity, and (ii) in-
yoite Ca(H,B50,)(OH), H,0, a calcium borate phase [78,80]. In borate
systems and due to the low pH, almost no dissolution of ye'elimite is re-
ported suggesting that the retardation is mainly driven by inhibiting the
dissolution of the reactive anhydrous phases (see Fig. 10). The process
by which dissolution is inhibited is not clear.

3.7.3. Sugars

Sugars are the most effective hydration inhibitors of cements. Based
on several results from different studies, it has been hypothesized that
the adsorption of saccharides on hydrating minerals contributes to their
effectiveness in slowing hydration [152,153]. However, there is no clear
explanation of the exact mechanism of sugar delay on aluminate sys-
tems. The work of Smith et al. [154,155] shows that carboxylate glucose
reacts with the -Al(OH) groups of calcium aluminium hydrates. This in-
dicates a strong adsorption of saccharinic acids on aluminium hydration
products. Gluconate ion inhibits AI(OH), precipitation, and it may block
gibbsite growth [71,72]. This in its turn inhibits the growth of ettringite
and monosulphate, resulting in high oversaturation of these phases.

3.8. Effect of sulphate additions

The type of calcium sulphate added does not influence the long-term
stable hydrate assemblage, but influences hydration kinetics, and thus
the time when certain hydrates appear, see e.g. [49,73,140,156-159].
While hemihydrate and gypsum are dissolving fast in CSA systems, some
anhydrites may show a quite slow hydration kinetics and can still be
detected by XRD after 28 days of hydration [140]. The incomplete hy-
dration of anhydrite decreases the amount of ettringite after 28 d com-
pared to a sample where only gypsum was used as calcium sulphate
addition. This reduced amount of ettringite leads to a lower volume
of hydrates and thus to a lower compressive strength. Blending a low
amount of gypsum with an anhydrite of poor reactivity may enhance the
dissolution of anhydrite and thus improve compressive strength [140].
When the calcium sulphate phases reached almost full hydration, often
long-term strengths are often higher when anhydrite instead of gypsum
is used and almost complete hydration has been reached [115,159], but
also the opposite effect is reported in literature [76].
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The amount of calcium sulphate added to the CSA clinker retards
the dissolution kinetics of belite and thus also the kinetics of stratlingite
formation [76,160], which is the primary product of belite hydration in
CSA cements, see experimental data in e.g. [49,142,158,161] and ther-
modynamic calculations [76,141]. This is highlighted in Fig. 11 show-
ing the phase development of a CSA hydrated with different additions
of gypsum [160], comparing Fig. 11b (lower amount of gypsum added)
with Fig. 11c (higher amount of gypsum added). There might be several
reasons for this behaviour. Firstly, the more calcium sulphate is added,
the more ettringite forms, the higher is the volume of hydrates and the
lower the amount of available water and available space to grow hy-
drates. Secondly, the pore solution of CSA cements containing belite is
high in aluminium as long as calcium sulphate is present, and decreases,
when the calcium sulphate is depleted [49,100]. It is known from liter-
ature, see e.g. [162-164], that Al present in the pore solution delays the
hydration of calcium silicates. Thirdly, stritlingite is not a thermody-
namic stable stable phase in the presence of calcium sulphate [76,141].

3.9. Effect of w/c ratio and temperature

For complete hydration of CSA-based systems higher w/c ratios
are needed than for Portland cements. Pure ye'elimite blended with
2M equivalents of anhydrite needs a w/c of 0.78 for complete hydra-
tion [165]. For technical CSA cements values increase with increasing
amount of anhydrite added and are in the order of 0.35-0.60 [166].
Lura et al. [167] investigated the hydration of a CSA cement using var-
ious w/c between 0.40 and 1.50 by means of isothermal calorimetry.
They observed that the cumulative heat after 7d of hydration increases
strongly with increasing w/c up to a w/c of 0.75, while this increase gets
remarkably slower beyond a w/c of 0.75. Based on their results they
suggested a calorimetric method to estimate the water demand (chemi-
cally and physically bound water) of CSA cements.

If the w/c ratios applied are below the water demand needed for
complete hydration, self-desiccation occurs, and especially the hydra-
tion degrees of the slower reacting phases (i.e. belite, ferrite) remain
quite low [142,160,166]. This is illustrated in Fig. 11, where the phase
development of a CSA hydrated at w/c 0.80 (Fig. 11b) is compared to
the phase development at w/c 0.40 (Fig. 11a) [160]. Ye'elimite and es-
pecially belite reach at w/c 0.80 much higher hydration degrees after
28d than at w/c 0.40. This results in higher ettringite contents and a sig-
nificant formation of crystalline stratlingite at the higher w/c ratio after
28 days. Furthermore the use of low w/c ratios leads to hydrated pastes
with a very low porosity and permeability, see [100,142,168-172].

Hydration temperature influences hydration kinetics, but also the
type of hydrate phases formed [144,145]. CAH,, occurs at low to
moderate temperatures (up to approximately 40 °C), especially in CSA
clinkers. In water-saturated conditions, ettringite in CSA remains sta-
ble until about 90°C; then it decomposes to monosulphate and cal-
cium sulphate. Thus, CSA-based materials, which were subjected in
water saturated conditions to temperatures of 90°C and higher, will
undergo a delayed ettringite formation leading to severe expansion
[144]. However, if hydrated CSA is heated to 80°C and higher at
low relative humidity, ettringite decomposes to meta-ettringite which
contains only 9-13mol of crystal water instead of the usual 30-32
[84,173,174]. This dehydration process is associated with a high en-
thalpy of 600-800J/g [173,175,176] and is reversible. Thus hydrated
CSA cements are suggested as a suitable material for seasonal heat stor-
age [144,173,175,177-179].
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4. Thermodynamics modelling of hydrated ye'elimite-based
systems

4.1. Thermodynamic principles

Thermodynamic equilibrium calculations, see recent review articles
focussed on modelling of cementitious systems [93,141,180-182] and
references cited therein, predict the composition of a system composed
of aqueous, solid and gaseous phases at the temperature and pressure
of interest. Such calculations require a geochemical speciation soft-
ware such as GEMS or PhreeqC and are based on the relative stability
of the different hydrates and aqueous species using sets of thermody-
namic data compiled in thermodynamic databases containing thermo-
dynamic data for all relevant solid, aqueous and gaseous species, see e.g.
[94,183,184].

Thermodynamic modelling of the composition of hydrated cements
are based on the composition and amount of reacted anhydrous mater-
ial using thermodynamics to predict which hydrates are the most stable
under the conditions investigated. In cement science, it can help to un-
derstand on a chemical level the consequences of factors such as cement
composition, hydration, interaction with salt solution or gases, leach-
ing, or temperature on the composition and the properties of a hydrated
cementitious system. The stable hydrate phases can be calculated for
fully hydrated systems or based on the chemistry of the pore solution.
Hydration kinetics can be implemented by restricting the dissolution of
the anhydrous phases with time which allows following the changes of
solid phases and pore solution chemistry during hydration. As precipi-
tation processes can be slow, thermodynamic equilibrium may not al-
ways be reached, thus it is important to compare the modelling results
with experimental data, as determined e.g. by X-ray diffraction, thermo-
gravimetry or analyses of the pore solution composition.

4.2. Basic hydration reactions of ye'elimite

The simplified hydration reaction of pure ye'elimite is shown in
Eq. (2) below resulting in the formation of monosulphate together
with aluminium hydroxide. Lately the formation of monocalcium alu-
minate hydrate (CAH,,), a metastable phase, during the early hydra-
tion period of synthetic ye'elimite was reported according to Eq. (3)
[47,68,76,113,143].

CiAS + 18 H — C,ASH |, +2 AH, )

3C4A;S + 98 H > C4AS;Hy, +2 CAH, + 2 AHj, 3)
Wang [185] speculated that in the absence of calcium sulphate et-
tringite and katoite may be formed together with aluminium hydroxide
according to Eq. (4). This assumption is supported by the findings of
Song et al. [107].
3 C4A;S + 62 H — C4AS;Hyy +2 C3AHg + 6 AH, 4
The formation of other calcium aluminate hydrates such as C3AHjg,
C,AH, beside CAH,, are reported in hydrated ye'elimite cements
[76,107,186]. These are not considered in these idealized equations.
Thermodynamic modelling predicts stable ones like C;AH [76,187].
The addition of calcium sulphate promotes the formation of ettrin-
gite over monosulphate as presented in a simplified form in Eq. (5)
with a rate depending on the rate of the calcium sulphate dissolution
[115,156].

C,AS +2 CSH, + 34 H — CoAS3Hyy + 2 AH, (5)
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If the amount of added calcium sulphate is less than that required
for the full reaction with ye'elimite, monosulphate will form after the
depletion of sulphate. This reaction could be described in a simplified
way in Eq. (6).

C,A;S + CSH, +26 H — 0.5 C4AS;Hy,

- (6)
+0.5 C4,ASH,, +2 AH;

4.3. Thermodynamics in ye'elimite systems

In the recent years, thermodynamic modelling related to systems
based on CSA cements has been increasingly used to calculate

e Solid phase changes according to compositional variations e.g. the
blending ratio between ye'elimite resp. CSA clinker and calcium sul-
phate [5,13,14,23,51,68], the influence of belite content on the hy-
dration products [13,14,19], the amount of supplementary cementi-
tious materials added such as limestone [76,141,188-190], fly ash
[138] or metakaolin [191], or the blending with Portland cement
[128,188] or hydrated lime [192].

e Solid phase changes of CSA [49,57,100,140,142,160] and CSA
blended with OPC and calcium sulphate [129,190] depending on hy-
dration kinetics; kinetics is derived from QXRD and other methods
such as NMR and generally fitted with empirical equations.

e Saturation indices of hydrate phases based on the composition of the
pore solution of CSA [49,57,100] and CSA blended with Portland ce-
ment and calcium sulphoaluminate [124,129,193,194].

e Interaction of hydrated CSA-based systems with CO, to assess phases
changes due to carbonation [172,195,196].

e Recently, It has been used to explain the early hydration of ye'elimite
phase [35,60]

The Ca0-Al205-Si0,-CaS0,-H,0 (and thus its sub-system C,4A;S
-C,S-C5-H,0, which is relevant for CSA cements) system was explored
by thermodynamic calculations by Damidot et al. [197,198] using the
state-of-the-art databases available at that time. Recently, a new version
of the CEMDATA thermodynamic database (CEMDATA 18) was pub-
lished [94], which covers thermodynamic data for most of the clinker
and hydrate phases relevant for CSA cements such as ettringite and
AFm-phases and their solid solutions, aluminium hydroxide in various
states of crystallinity, C-S-H, and C-A-H-phases. In the recent version,
also hydrates such as ettringite and AFm-phases with lower content of
crystal water are included [82-84], allowing the modelling of hydrated
CSA cements at relative humilidies below 100%.

Recently, the stable phases in the system C,A;S-C,S-CS-H,0 were
re-calculated [76,141] using GEMS coupled with the Nagra/PSI data-
base and the cement-specific CEMDATA database. Fig. 13 presents the
phase assemblages for the ternary blend of the anhydrous phases at a
fixed value of anhydrite/ye'elimite = 15/85 by mass (molar ratio 0.8).
With increasing replacement of ye'elimite by belite, stratlingite forms
and AI(OH); is consumed. Ettringite and strétlingite are no longer stable
at replacement levels beyond 60% and 80%, respectively, while C-S-H
and monosulphate are stabilized due to the availability of sufficient cal-
cium oxide from belite. Katoite and portlandite occur beyond approxi-
mately 75-80 mass-% belite.

More trends can be seen if the quantities of the hydrate phases are
plotted in a ternary diagram C,A;5-C,S-CS. Ettringite (Fig. 14a) is sta-
ble in almost the entire range of the ternary system with the excep-
tion of a small region with high belite contents and very low calcium
sulphate contents. Maximum ettringite contents are located around
20-40 mass-% ye'elimite, 20-40 mass-% belite and 40-50 mass-% an-
hydrite. C-S-H contents decrease towards lower belite contents (Fig.
14b) and C-S-H is absent in the region with both low belite



M.B. Haha et al.

(< 30 mass-%) and low anhydrite (< 30 mass-%) contents. Under
these conditions, the silica provided by the belite gets incorporated into
stratlingite (Fig. 14c). Stratlingite is present only at low anhydrite con-
tents, and does not occur at high belite contents, as it is not stable in the
presence of excess calcium sulphate or portlandite. The total volume of
hydrates (Fig. 14d is strongly related to the amount of ettringite in the
hydrate assemblage, as ettringite is the phase incorporating the highest
amount of water among the hydrates present in the system. From these
calculations of the hydrates occurring in the ternary system C4A;S-C,S-C
S-H,0, a phase diagram showing the 12 different stable phase assem-
blages can be derived [76].

The calculations of the stable phase assemblages can be combined
with equations describing the dissolution kinetics of the anhydrous
clinker phases. Thus, the phase changes of CSA-based systems during
hydration can be modelled as shown in Fig. 15a. Ye'elimite and gyp-
sum are modelled to dissolve rapidly, while ettringite, monosulphate
and AHj are calculated as stable hydrate phases. The silicate containing
phases belite and fluorellestadite dissolve much slower and to a lower
extent, leading to the formation of stratlingite.

Also the interaction of CSA cements with supplementary cementi-
tious systems can be modelled as shown in Fig. 15b with fly as ash as an
example, which is proven to show some reactions in CSA-based systems
[138]. With increasing reaction degree of fly ash the modelled phase as-
semblage changes, as stratlingite is formed on the expenses of monosul-
phate as the amount of dissolved silica from the fly ash increases. At fly
ash reaction degrees above 35% C-S-H forms, which was also confirmed
experimentally.

4.4. Limitations of thermodynamics

As thermodynamic modelling calculates the stable phases,
metastable phase assemblages cannot be easily covered. One major ex-
ample is the occurrence of CAH,, preferably in systems with a low ra-
tio of calcium sulphate to ye'elimite (especially when an anhydrite with
low reactivity is used). CAH;, forms mainly between 1 and 3 days of hy-
dration, and starts to decompose beyond 28 days at ambient tempera-
tures [47,199]. It has to be noted that it is stable in CSA systems at tem-
peratures below 20°C [144]. CAH,, forms directly from the hydration
of ye'elimite together with ettringite and aluminium hydroxide accord-
ing to Eq. (3), which is an alternative reaction path to the formation of
monosulphate and aluminium hydroxide (Eq. (2)).

The occurrence of CAH,, is linked to the solubility of AH;, which
decreases with time due to an increase of its crystallinity as highlighted
in Fig. 7 [94,100,199,200]. In Eq. (3), 2mol of AH; are formed per mol
of ye'elimite, whereas in Eq. (2), only 0.67 mol of AH; are formed per
mol ye'elimite. Thus in case of a highly soluble AH; occurring at early
hydration times, the reaction according to Eq. (2) would be thermody-
namically more favourable than the reaction according to Eq. (3), as the
very stable phase ettringite is formed together with less AH;. The very
early occurrence of CAH,, already after a few minutes of hydration was
recently evidenced by [47]. At later ages, when AH; becomes less solu-
ble and thus more stable, ettringite and CAH,, are destabilized in favour
of monosulphate (see Fig. 16).

Another well-known case of metastability is the occurrence of hemi-
carbonate in CSA cements blended with limestone instead of the more
stable monocarbonate, which is calculated to form [189,190]. The for-
mation of hemicarbonate instead of monocarbonate is observed as well
in hydrated Portland cements [201] and could be related either to a
slow limestone dissolution kinetics or to a faster formation of hemicar-
bonate compared to monocarbonate. A recent study [202] revealed that
in the case of Portland cements the faster formation kinetics of hemicar-
bonate compared to monocarbonate seems to be the main influencing
factor.
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Regarding thermodynamic modelling of CSA-based systems still
some gaps are existing. There are several thermodynamic datasets for
ye'elimite available in literature [32,203-205], which need to be crit-
ically reviewed before including a consistent data set into thermody-
namic databases. Such data would be needed e.g. for calculating the hy-
dration heat flow and the heat of hydration of ye'elimite-based systems,
similar as previously done for Portland cement [206]. While thermody-
namic data for ternesite was recently determined [41,205], such data
seems to be missing for fluorellestadite.

Also the composition of C-S-H in hydrated CSA, which is expected to
form at high belite reaction degrees, is not known. It can be hypothe-
sized that such C-S-H would have a low Ca/Si ratio and would contain
significant amounts of aluminium as in the case of hydrated Portland
cement blended with Al-containing SCMs, see e.g. [207]. Currently the
composition of C-S-H in CSA cements, especially the Al-intake, cannot
be modelled properly as a thermodynamic model for C-A-S-H is ongoing
research even for (blended) Portland cement [94].

5. Concluding remarks and further perspectives

In the recent years, a lot of progress has been made on understanding
ye'elimite-based cements. Latest advances in clinkering focused mainly
on the effect of iron content in the raw meal on ye'elimite formation and
its stability. It was found that iron accelerates the ye'elimite formation.
Additionally, ye'elimite containing iron seems to possess a lower ther-
mal stability compared to the stoichiometric one and starts to decom-
pose if the sintering temperature is too high and/or dwell time is too
long. The decomposition of ye'elimite leads to the volatilization of sul-
phur and the formation of secondary phases such as mayenite, krotite
and ferrite. The XRD detectable quantities of mayenite are typically be-
low 1% in the solid solution ye'elimite clinker. It is furthermore possible
that a part of mayenite is present in an amorphous form.

Concerning hydration kinetics, recent research activities could high-
light that the polymorphism alone cannot explain the different hydra-
tion kinetics of stoichiometric ye'elimite and the iron-bearing solid so-
lutions and what is observed in CSA and BYF cements. In the literature
results or from industrial clinker analysis, the increase of iron content
is coupled with a faster rate of hydration of ye'elimite. The presence of
secondary mayenite, from the partial decomposition of ye'elimite, can
partially explain all observed features.

Thermodynamic modelling has as well progressed during the last
decades. It is possible to predict the pore solution composition at the
equilibrium with the hydrates phases present at given hydration time.
Several studies demonstrated as well the role of pore solution composi-
tion either on the kinetics of reaction in ye'elimite based cements or on
the resulting hydrate assemblage.

The slow reaction of silicate phase is related to the pore solution
composition and the space filling by the reaction of the more reactive
ye'elimite. The ion concentrations in solution are strongly controlled by
the Al concentration and AHj;. A high concentration limits the dissolu-
tion of silicate phases. The thermodynamic modelling does not capture
this phenomenon. Though, the modelling indicates that the calcium sil-
icates are more undersaturated in the samples when Al concentration is
high.

Despite the high efforts in research on ye'elimite cements and the
recent achievements as highlighted in this papers, still open questions
need to be solved:

Information on formation rate and stability of ye'elimite in correla-
tion to iron content are missing. Besides iron, several other minor el-
ements such as alkali, boron, chromium, manganese, titanium, phos-
phate, fluorine and many others are reported for CSA and BYF as well.
It is possible that some of these elements affect the formation, compo-
sition, stability and hydraulic reactivity of ye'elimite in the same way



M.B. Haha et al.

as iron. Additional systematic studies are needed to better understand
their impact on ye'elimite synthesis and the resulting secondary phases.

More complex reactions and interactions could be thus investigated
and potentially more industrial by-products and waste could be used for
the production of CSA and BYF clinkers.

Several minor phases such as free lime, periclase, alkali sulphates
and Ca-langbeinite are present in ye'elimite-based cements, depending
on the choice of raw materials and the process conditions. These minor
phases can affect the hydration kinetics. Thermodynamic investigations
show for some of them (e.g. alkali sulphate, free lime) some interest-
ing similarities to the mayenite system, especially the acceleration when
added together with gypsum. It would be of high scientific as well as
industrial relevance to study and verify the mechanisms behind these
“similarities” which would enable the better understanding of industrial
clinker early hydration.

The evolution of the solution composition is the main factor deter-
mining the onset and duration of the hydration stages. The understand-
ing of the effect of the solution composition on the dissolution precipi-
tation reactions is therefore of high importance to minimize the forma-
tion of metastable phases for a better mechanical performance of the
cements. The effect of sulphate source or retarders or their combination
on the nucleation and the crystallinity of aluminium should be checked.

The use of retarders such borax, citrate, gluconate or tartrate was al-
ready reported for CSA and BYF cements. However, the exact retarding
mechanisms, efficiency and effect on the formation of the metastable
hydrates of some retarders remain poorly understood. It would be as
well important to understand how the different ion such as aluminium,
calcium, sulphate interact in solution with these retarders (formation of
ion complexes, etc.).

Another necessary problem that needs to be investigated concerns
the effect of the temperature on the dissolution and precipitation re-
actions especially on the crystallinity of previously formed amorphous
phases such as aluminium hydroxide, which causes the release of com-
bined water. Further insight in the composition and stability of the
formed hydrates could be generated and the dynamics of formation
could be verified against the thermodynamics. Based on this, the rela-
tionship between the time-temperature history, the crystallinity, hydra-
tion state, transformation rates, densities and bound water contents of
hydrates and the subsequent space filling potential could be further in-
vestigated, including the microstructural evolution.

The effect of iron and its low mobility in the pore solution of hy-
drating ye'elimite, CSA and BYF on the nucleation, growth, composition
and crystallinity of hydrates should be further studied. The question re-
garding the morphology and the composition of C-S-H in those systems
needs further investigation as well.

It is desirable to transfer the collected results and knowledge to in-
dustrial scale. This can be done by working with synthetic, model CSA
and BYF cements obtained by e.g. blending ye'elimite with other phases
such as belite, mayenite, ferrite and different calcium sulphates such as
anhydrite and gypsum.

For the performance characterization of these cements, cement pro-
ducers should be more open to share their data on concretes. Durabil-
ity tests should range from accelerated laboratory testing to outdoor
storage of samples in real environment. This should be undertaken in
close collaboration with research institutions to ensure that the perfor-
mance of ye'elimite cement concretes is generally comparable to com-
mon concretes. Recent studies showed that BYF concretes are charac-
terized by different strength development kinetics — a rapid strength
gain within the first day or two is followed by a plateau [210]. Depend-
ing on the binder composition and storage conditions, the strength can
further increase between 2 and 3months and 1year. Another unique
property of ye'elimite cement based concretes is their volume shrink-
age that is 2 to3 times lower compared to common concrete. Effi-
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ciency of common admixtures, air-entrainers agent in ettringite systems
should be as well studied as the latest were originally developed for
Portland clinker-based concretes.

For the application of these cements, new standards and further field
application are required to show their versatility. In China, the Third
Cement Series is standardized since many years in GB 20472-2006.
Different European cement companies obtained European technical ap-
provals for some CSA application and standardization activities may fol-
low. ACI has recently formed a committee on alternative cements (ACI
242), which covers also CSA. They also released the ITG-10R: Practi-
tioner's Guide for Alternative Cements.
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