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Abstract 

Calcium sulphoaluminate cements (CSA) with the main phase ye’elimite are a promising class of non-
Portland cements which are gaining increasing interest from the cement industry. However, the 
hydration kinetics of CSA cements varies strongly, even for cements with similar composition and 
fineness. Understanding the origin of this variation was the main motivation for this thesis. Earlier 
studies indicated that the type and composition of ye’elimite was related to the different hydration 
kinetics. Iron-rich CSA cements often show faster hydration kinetics compared to those with low iron 
contents. The addition of easily soluble calcium sulphate such as gypsum mitigates this effect, 
resulting in a harmonization of the hydration sequences and kinetics. The literature reports that 
stoichiometric ye’elimite has an orthorhombic symmetry at ambient conditions, whereas a cubic 
symmetry is stabilised by the presence of minor elements such as iron. Thus, previous to this work, it 
was often assumed that there was a link between the presence of iron, the polymorphism of 
ye’elimite and the hydraulic reactivity. This thesis provides new insights into the effect of iron on the 
formation and hydration of different ye’elimite types, including the effect of gypsum and mayenite 
additions. 

We found that ye’elimite is formed from the reaction of the intermediate calcium aluminates such as 
krotite with anhydrite. Iron primarily accelerates the formation of krotite and as a result also of 
ye’elimite. However, this leads to the faster decomposition of ye’elimite and as a result, mayenite 
starts to form. 

The investigation of the ye’elimite hydration revealed five hydration periods. The onset and length of 
these periods is largely controlled by the solution composition. We could further show that two main 
hydration reactions occur. The first hydration reaction is the formation of ettringite, monocalcium 
aluminate decahydrate and amorphous aluminium hydroxide and occurs primarily during the initial 
and dormant period. The second hydration reaction is the formation of monosulphate and gibbsite-
like aluminium hydroxide, occurring primarily during the acceleration and main hydration period. 
Increasing the water to binder ratio generally favours the first reaction. Gypsum accelerates the 
hydration and modifies the hydrates assemblage by favouring the formation of ettringite rather than 
that of monosulphate, independent of the type of ye'elimite used. We could simulate the hydration 
kinetics of iron-rich ye’elimite by blending stoichiometric ye’elimite with synthetic mayenite. Hence, 
it appears that the presence of mayenite explains the different kinetics. 

We investigated the chemical shrinkage of neat ye’elimite and the effect of gypsum. The experiments 
revealed a transitory chemical expansion, during which bound water is released. This could be linked 
to the transformation and crystallization of previously formed metastable amorphous phases such as 
aluminium hydroxide. The transitory chemical expansion was followed by a recovery period when 
the shrinkage and the bound water contents returned to their original values. One possible 
explanation for this phenomenon is the swelling of the amorphous aluminium hydroxide. 

Keywords: ye’elimite, iron solid solution ye’elimite, mayenite, gypsum, hydration and kinetics periods 
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Zusammenfassung 

Calciumsulfoaluminat-basierte (CSA) Zemente, mit der Hauptphase Ye’elimit, sind eine 
vielversprechende Alternative zur Portlandzement und erlangen zunehmend an Bedeutung für die 
Zementindustrie. Jedoch variiert die Hydratationskinetik von CSA Zementen trotz vergleichbarer 
Zusammensetzung und Feinheit. Es war das Hauptanliegen der vorliegenden Arbeit die Ursachen für 
die variierende Hydratationskinetik zu bestimmen. In frühere Studien wurde ein Zusammenhang 
zwischen der Zusammensetzung von Ye’elimit und dessen hydraulischer Reaktivität hergestellt. 
Eisenhaltiger CSA reagiert schneller als solcher mit geringen Eisengehalten. Die Zugabe von Gips hebt 
diesen Effekt jedoch auf und führt zu einer Vereinheitlichung der Hydratationsabfolgen und der 
Kinetik. Frühere Arbeiten berichten das stochiometrischer Ye’elimit bei Umgebungsbedingung eine 
orthorhombische Symmetrie aufweist, wohingegen eine kubische Symetrie bei Gegenwart von 
Nebenbestandteilen, zum Beispiel Eisen, stabilisiert wird. Daher wurde im Vorfeld zu dieser Arbeit oft 
ein Zusammenhang zwischen dem Gegenwart von Eisen, der Polymorphie von Ye’elimit und dessen 
hydraulischer Reaktivität hergestellt. Diese Arbeit liefert neue Einblicke über den Einfluss von Eisen 
auf die Bildung und Hydratation von verschiedenen Ye’elimiten, inklusive des Effekts der Zugabe von 
Gips und Mayenit. 

Wir konnten zeigen, dass Ye’elimit durch die Reaktion von Calciumaluminat-Zwischenprodukten, wie 
Krotit und Mayenit, mit Anhydrit gebildet wird. Eisen beschleunigt vorrangig die Bildung von Krotit, 
was wiederum die Bildung von Ye’elimit begünstigt. Dies beschleunigt jedoch auch zu den Zerfall von 
Ye‘elimit, wodurch die Bildung von Mayenit einsetzt. 

Im Verlauf der Untersuchung der Hydratation von Ye’elimit konnten wir fünf Hydratationsstadien 
bestimmen. Der Begin und die Dauer der einzelnen Stadien werden vor allem durch die 
Zusammensetzung der Lösung gesteuert. Wir konnten zeigen, dass im Wesentlichen zwei 
Haupthydratationsreaktionen ablaufen. Bei der zuerst einsetzenden Reaktion werden Ettringit, 
Monocalciumaluminat-Decahydrat und amorphes Aluminiumhydroxid gebildet. Diese Reaktion 
laufen vorrangig während der Prä-Induktion und Induktionsperiode ab. Im Verlauf der 
darauffolgenden Beschleunigungs- und Haupthydratationsperiode setzt die zweite Reaktion ein, 
wobei vorwiegend Monosulfat und Gibbsit-artiges Aluminiumhydroxid gebildet werden. Die 
Erhöhung des Wasser zu Bindemittelverhältnis begünstigt im Allgemeinen die erste Reaktion. Die 
Zugabe von Gips beschleunigt die Hydratation und verändert die Zusammensetzung der 
Hydratphasen, durch die begünstigte Bildung von Ettringit anstelle von Monosulfat, unabhängig 
davon welcher Ye’elimittyp eingesetzt wurde. Wir konnten die Hydratationskinetik eines 
eisenreichen Ye’elimits durch die Zugabe von Mayenit zu stöchiometrischem Ye’elimit nachstellen. 
Dies scheint zu belegen, dass Mayenit die veränderte Hydratationskinetik verursacht. 

Die Untersuchung des chemischen Schwindens von Ye’elimit allein und in Gegenwart von Gips 
zeigten eine vorrübergehende chemische Expansion bei der gebundenes Wasser freigesetzt wird. 
Dies konnte durch die Umwandlung und Kristallisation von metastabilen Hydraten wie amorphem 
Aluminiumhydroxid erklärt werden. Jedoch werden die Ausgangswerte des Schwinden sowie des 
gebundene Wassers anschließend wieder erreicht. Wir vermuten daher, dass die Verfügbarkeit von 
freiem Raum sowie von Wasser das Quellen des amorphem Aluminiumhydroxid „Gels“ ermöglicht. 

Stichworte: Ye’elimit, eisenhaltiger Ye’elimit, Mayenit, Gips, Hydratationskinetic und –perioden 
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An overview about the materials presented the publications is given in Table 1.1-1. 

Table 1.1-1 Overview of the materials used for the various papers of this PhD thesis 

Ye’elimite Others Synthesis campaign Abbr. in article 
Paper 

I II III IV V 
Y  

S2 

Cli_0.00 x x    
0.05Fe-Y  Cli_0.05 x x    
0.08Fe-Y  Cli_0.08 x x    

Fe-Y  Cli_0.20 x x    
0.40Fe-Y  Cli_0.40 x x    
0.80Fe-Y  Cli_0.80      

Y  
S3 

Cli_0.00-1250 
Y 

 
x 
 

 
x 

 
x 

 
x 

Fe-Y  
Cli_0.20-1250 

Fe-Y 
 

x 
 

 
 

 
 

 
x 

 Anhydrite  A x     
 Gypsum  G x  x   
 Mayenite       x 
 Quartz  Qz    x x 
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Glossary 

The cement notation is used throughout the document: 

  = ,  = ,  = ,  = ,  = ,  = ,  = ,  = ,  =  and  
= . 

 

Materials: 

A Anhydrite (calcium sulphate,  or ) 

BYF Belite ye’elimite ferrite cement (belite > ye’elimite > ferrite content) 
CAC Calcium aluminate cement 
CSA Calcium sulphoaluminate cement (high ye’elimite content, typically > 50%) 

G Gypsum (calcium sulphate,  or ) 

PC Portland cement 
Qz Quartz (  or ) 

Y Stoichiometric ye’elimite (  or ) 

0.xxFe-Y Range of iron solid solution ye’elimite with substitution level of  in , 
with  ranging from 0.00 to 0.80 

Fe-Y Iron solid solution ye’elimite with fixed value of  = 0.20 ( ) 

 

General abbreviations: 

ASTM American Society for Testing and Materials 

BW Bound water  
EPFL ÉCOLE POLYTECHNIQUE FÉDÉRALE DE LAUSANNE 
ETA European technical approval  

FW Free water 
GB Guobiao (Chinese translation for national standard) 

GOF Goodness of fit  
HTC HeidelbergTechnology Center GmbH 
Rwp Weighted profile factor 

w/b  Water to binder ratio, used for investigated systems in this thesis 
w/c Water to cement ratio, used when referring to PC, CSA and BYF cements 
w/s Water to solid ratio, used for blends of binder and inert quartz  
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Methods and devices: 

CS Chemical shrinkage 

FIB Focused ion beam 
GEMS Gibbs Energy Minimization Software 
ICC Isothermal conduction calorimetry 

ICP-OES  Inductively coupled plasma optical emission spectrometry  
SSABET Specific surface area from N2 absorption and using the BET-equation 

SEM-EDS Scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy 
BSE Backscattered electron microscopy 
HR-SEM High resolution scanning electron microscope equipped with a field emission gun 

STEM Scanning Transmission electron microscopy analyses 
PSD Particle size distribution by laser diffraction 
QXRD Quantitative X-ray powder diffraction analysis coupled with the Rietveld 

refinement 
TGA Thermogravimetric analyses  

Wt.% Weight percentage 
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1 General introduction 

The worldwide most used cement type is Portland cement (PC). PC is one of the most cost- and 
energy-efficient building materials and on a unit basis the associated  emissions are lower than 
for other building materials such as steel or wood [1] [2]. However, in sum it accounts for 5-8 % of 
the global manmade  emissions [3] [4]. The basis of it is Portland cement clinker which is 
produced from the firing of a raw meal at a temperature of about 1450 °C. The raw meal is 
composed of limestone, clay and some correctives such as iron ore and silica sources. The 
decomposition of limestone is the main material-related “fossil”  source. Including energy-
related  emissions, the manufacturing of 1t of cement clinker releases about 800 kg of . The 
clinker is ground together with calcium sulphate to produce the final cement. PC is mainly used in 
concrete, which is, beside processed water, the largest used man-made material worldwide by mass. 
Nowadays, no satisfactory alternative to replace PC exists. Thus, there is increasing demand for the 
development of environmental friendly binders. Using locally available materials can be a huge 
advantage as it reduced the  emission related to materials transport.  

Another important aspect to be considered when discussing the ecological impact of cement 
production is the embodied energy. Figure 1.1-1 gives a comparison between the embodied energy 
for the production of one ton of various building materials. The total consumed energy includes all 
associated energies for all production processes such as those for mining and processing of natural 
resources (raw materials for cement or steel production, aggregates and sand for concrete, etc.), 
transportation of goods and people and finally the manufacturing itself. By comparing the embodied 
production energy, it is clear that PC and explicitly PC concrete remain one of the most cost- and 
energy-efficient building materials. Nevertheless, the cement industry has to look for opportunities 
to reduce the embodied energy and the associated  footprint even further, to compensate for 
the expected enormous growth in cement demand in the developing world.  

 
Figure 1.1-1 Embodied energy for the production of one ton of a specific building material (data adopted from [5] [6] [7]) 

including own presumed values for CSA and BYF (internal reports HC AG)  
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Such solutions may be based on the production of alternative binders such as calcium 
sulphoaluminate (CSA), especially belite-rich types sometimes referred to as belite ye’elimite ferrite 
(BYF). Despite all the efforts to produce environmental friendly “green” binders, the demand for a 
robust solution having similar properties as PC represents and remains one of the major challenges. 
This point will be further discussed in section 1.1 below and in Chapter 2. 

 Alternative binders – requirements and concepts 1.1

One important component, out of several solutions, to reduce the building materials-associated  
emissions is the development of low-  or so called ‘’green’’ binders. These days there is an endless 
number of proposed novel and “green” binder concepts, including carbon-based glues [8], foams [9], 
(molten) sulphur concrete [10] and more “classical” solutions such as inorganic materials. For the 
purpose of this study, we only refer to those alternative binders which are based on inorganic 
cementitious materials that can be used for construction. To be considered as a real opportunity 
some basic requirements need to be met: 

 Raw materials must be globally abundant, locally available (minimal transportation distances) 
and obtainable at low cost  

 Quality of raw materials (composition) should be stable to allow maintaining a stable 
production 

 Technical feasibility at industrial (production) scale 
 New binder should have essentially a lower CaO demand in the final product(s) 
 Possibility for the recycling of (its own) wastes and by-products “2nd life”  

Even more important, is that the cement performance is stable. The material handling during 
preparation of concrete should be ideally similar to PC. Ultimately, the concrete should preferably 
behave similar or even better when compared to PC concrete with regard to e.g. the strength 
development, volume stability, surface quality and resistance to chemical or physical attacks. In the 
field of inorganic building materials, several technologies are currently under investigation by 
research institutes, industrial players and start-up companies which may fulfil some or even all of the 
points stated above. These building materials are:  

 Calcium sulphoaluminate (CSA) type cements [11] [12] 
 Geopolymers or alkali activated binders [13] [14] 
 Hydrothermal binders [15] [16] [17] 
 Binders requiring hardening by carbonation of magnesium or calcium based materials; 

Novacem [18], Solidia [19] and Calera [20] type binders or sequestrated carbon cement 
 Magnesium cements such as oxide [21], Sorel [22] [23] or silicate [24] ones 

To substitute PC in a substantial amount and on global scale further aspects should be considered. 
The market not only demands a product with constant product properties but in addition, 
performance and durability data should be available. In the best case, the material (class) would be 
covered by already existing standards. CSA cements are a promising class of non-Portland cements 
[1] [11], with the main phase ye’elimite (  or ), which fulfil most of the presented 
requirements. The subclass of BYF cements are of high interest. Their lower ye’elimite contents allow 
its production from lower quality bauxite (the main aluminium source) or industrial by-products to 
replace at least partly expensive bauxite sources.  
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Those materials offer a high potential for the construction industry for the following reasons:  

(1) Global availability and local accessibility of well-known virgin raw materials such as 
limestone, gypsum, bauxite and alumina-rich clay 

(2) Possibility of substitution of virgin raw materials by industrial by-products and wastes  
(3) Meaningful reduction of raw material and process related  emissions  
(4) Mastered production technology and the possibility of using existing PC plants 
(5) Energy saving potential due to 200 °C up to 300 °C lower sintering temperature (fuel 

consumption) and friable clinker providing a soft and easy to grind material compared to PC 
(6) In general, known hydration processes and products, adjustable and comparable properties 

of its cement to PC  
(7) Existence of more than three decades of experiences in various applications and availability 

of durability data in some cases 
(8) Already existing standards and technical approvals for the use of CSA in some countries. 

However, so far not for structural applications. 

The industrial feasibility as well as the above mentioned savings were already proven at industrial 
scale [11] [25] [26]. In the meantime, the HeidelbergCement AG successfully conducted two 
industrial BYF production trials in existing European PC cement plants. One of the produced clinkers 
is currently under investigation in the context of ECO-BINDER project [27] which is supported by the 
European Commission under the Energy Theme of Horizon 2020, Technological development Grant 
Agreement number 637138. 

 Context of the thesis 1.2

Stable product characteristics are of high importance for the development of robust cements which 
can be used for ready mix or pre-cast concrete applications. In what follows, we will highlight why it 
is important to understand the hydration kinetics and underlying reactions. This knowledge would 
enable the necessary development of needed admixtures such as retarders [28] [29] [30] [31] [32]. 
Figure 1.2-1 shows a comparison of the open time of cement mortars based on PC and CSA.  

 
Figure 1.2-1 Open time of PC versus CSA depending on the retarder dosage 
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The open time known as workability and shown as mortar spread typically ranges from 1 to 3 hours 
for PC. On the contrary, CSA has an open time of minutes or seconds as a consequence of its faster 
hydration development. Extending the open time can only be achieved by the addition of a retarder. 
This is necessary for handling, placing and surface finishing of concrete. The use of a retarding agent 
has another beneficial feature. Figure 1.2-2 shows the mortar spread (a) and compressive strength 
evolution (b) of tested belite-rich CSA labelled “BYF’’ (BYF 2 also in Figure 1.4-2) with and without the 
use of 10 wt.% micronized natural anhydrite “10A” and of a retarder. The non-retarded binders start 
with a lower initial mortar spread and reveal a rapid drop afterwards. Additionally, the reached 
strength level is surprisingly low for both cements. The addition of a retarder resulted in a higher 
initial mortar spread, a longer open time and by far superior strength values. The addition of 
anhydrite alone had no retarding effect, but instead it boosted the early strength values. 

a) b) 

  
Figure 1.2-2 Open time of PC versus CSA depending on the retarder dosage (a); mortar spread (b) and compressive 

strength (c) development of BYF binders with and without retarder 

 Motivation 1.3

The results presented above highlight the importance of the understanding of the hydration 
reactions. This understanding would facilitate the production of durable concrete and the successful 
commercialisation of CSA and BYF binders. We reported earlier that CSA and BYF cements often 
exhibit different hydration kinetics and associated cement properties [33] [34], despite having similar 
characteristics in terms of chemical and mineralogical composition and fineness. The origin of these 
differences remains unknown. Most early age properties are primarily related to the hydration of 
ye’elimite. In an earlier work of us [34], we observed the correlation between the type of ye’elimite 
formed and the different reactivity of the cements. At room temperature, stoichiometric ye’elimite 
has an orthorhombic symmetry [35] [36], but often traces of cubic form are present in CSA and BYF 
clinkers as well [37]. The cubic symmetry seems to correlate with the iron content and the process 
conditions which cause the faster hydration [33] [34]. Later studies on synthetic ye’elimite confirmed 
these findings [38] [39]. However, the origin of the altered hydration kinetics remains unclear.  
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 Research approach of the thesis 1.4

PC serves as a textbook example of a reliable, robust, stable and modern product. Figure 1.4-1 shows 
the rate of heat evolution of PC taken from three different cement plants and of synthetic tricalcium 
silicate ( ). An important feature is the similar hydration pattern for the three cements, 
independent of their differences such as fineness or composition (not shown). Synthetic  
represents a good model system for PC [40] [41] [42] [43]. By analysing the cause of the onset, 
duration and end of the underlying reactions it was possible to gain important insights in the 
fundamental parameters controlling the hydration of PC [44] [45] [46]. This will be discussed in in 
more detail in Chapter 2, section 2.2. 

 
Figure 1.4-1 Rate of heat evolution from isothermal conduction calorimetry of PC and  at 20 °C and w/c 0.5; 

calorimetry data for  provided by Xerun Li 

Applying a similar approach as for PC, we use synthetic ye’elimite as reference system for CSA and 
BYF. Figure 1.4-2 a) presents the heat release of CSA and BYF cements and of stoichiometric 
ye’elimite (normalized to ye’elimite content of 30% similar to that found in BYF). The BYF 1 and BYF 2 
were produced during one industrial trial and had very similar compositions and fineness. In contrast 
to PC, the CSA and BYF cements reveal very different hydration kinetics. Also, the hydration of the 
synthetic ye’elimite (Y) (see Figure 1.4-2 b)) shows a different hydration pattern compared to that of 
CSA and BYF cements. This raises the question, whether we can use synthetic ye’elimite as a model 
system to explain the hydration reactions of CSA and BYF as discussed in the Chapters 5 to 7. The 
unknown components labelled as “X” in Figure 1.4-2 b will be presented in section 6.2.5, 
summarizing the some of the findings of this thesis.  
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a) CSA a versus BYF a and Y b b) BYF a versus Y b 

  
a CSA and BYF from industrial production, BYF samples have almost the same composition, tested at w/c 0.5 

b Y synthesized at lab scale, tested at w/c 2 and measured data nomalized to ye’elimite content of 30% 

Figure 1.4-2 Rate of heat evolution from isothermal conduction calorimetry of CSA, BYF and Y at 20 °C 

 

 Objectives  1.5

The literature reports that stoichiometric ye’elimite has an orthorhombic symmetry at ambient 
conditions, whereas a cubic symmetry is stabilised by the presence of minor elements such as iron. 
Thus, previous to this work, it was often assumed that there was a link between the presence of iron, 
the polymorphism of ye’elimite and the hydraulic reactivity. The hydration of iron-rich ye’elimite 
proceeds faster compared to the stoichiometric one in most the cases and if no easily soluble calcium 
sulphate is added.  

The objective of this thesis is to answer the following questions: 

i. To which extent can iron substitute aluminium in ye’elimite and what are the best 
conditions to form such solid solutions? 

ii. Does the formation of iron-bearing ye’elimite solid solution alter the hydration kinetics? 
a. If it does, what causes the alteration of the hydration kinetics? 
b. Which mechanism is altered and how?  

iii. iii. What are the hydration mechanisms for stoichiometric ye’elimite? 

To answer these questions we synthesized stoichiometric ye’elimite and several (mainly) iron-bearing 
solid solutions. The anhydrous clinkers were fully characterised by QXRD, XRF, SEM-EDS and other 
methods. The results are presented in Chapter 4 and Annex part - IV.  
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Following the initial rapid reaction after contact with water, several other hydration stages were 
identified. This raises additional questions: 

i. Which phases are formed and how fast during each hydration stage?  
ii. What controls the duration and the advancement from one hydration period to another?  

iii. Are the formed phases stable or do they transform over time?  
iv. What is the effect of the water to cement and of the water to solid ratio on the kinetics? 
v. Can we compare the results from paste (static) and suspension (dynamic) experiments?  

vi. Why does the addition of gypsum results in similar hydration kinetics and sequences, 
independent of the ye’elimite type?  

The related experimental results are presented in Chapter 5, 6 and the annex - part V. 

We will demonstrate in Chapter 7 that the polymorphism alone cannot explain the different 
hydration kinetics. These observations led to the following questions: 

vii. Which mechanism(s) cause(s) the faster hydration kinetics of the iron-bearing solid solution 
ye’elimites? Possible hypothesises are: 

a. Modification of the formed hydrates assemblage composition by iron 
i. Formation iron-bearing of solid solutions of ettringite, monosulphate, 

aluminium hydroxide and others 
ii. Formation of additional phases such as iron hydroxide or iron-bearing 

katoite ( ) 
b. Changes in the solution concentrations and in the mobility of species, affecting the 

dissolution rates 
c. Unknown factor(s) such as the  

i. Presence and / or reaction of so far not considered anhydrous phases 
ii. Formation of unknown / not considered hydrates 

viii. What is the role of calcium sulphate? 

One of the key findings is the presence of mayenite in the iron-rich ye’elimite, either as amorphous 
phase or as crystalline phase below XRD detection limit. This led to the next questions: 

ix. What causes the formation of mayenite? 
x. What is the detection limit of mayenite in ye’elimite clinkers? 

All related experimental results are presented in Chapter 4 and annex - part IV. Based on these 
findings we can address the following questions:  

xi. What is the impact of mayenite on the hydration kinetics? 
a. Can we simulate this effect using synthetic mayenite? 
b. Which reactions or hydration periods are altered? 

Outside of the initial scope of the thesis, we investigated the chemical shrinkage of neat ye’elimite 
and the impact of gypsum. The chemical shrinkage measurements indicated that a chemical 
expansion occurs for both binders. We carried out several supplementing investigations to assess the 
origin of the chemical expansion. The results of those are presented in Chapter 6 and the annex - 
part V.  
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 Content of the thesis 1.6

This thesis is divided in 8 chapters and it is structured as follows: 

Chapter 1 includes a general introduction with focus on the possibilities to reduce the  emissions 
for the cement industry. It further presents the context and background, motivation and objectives 
as well as the experimental approach used in this study. 

Chapter 2 presents a literature review summarizing the historical background and provides an 
overview regarding the production and composition of CSA, BYF and the main anhydrous phases 
present in this study. The hydration of ye’elimite is briefly introduced as well as the basic principles of 
mineral dissolution and precipitation. The concept of thermodynamic modelling is briefly described.  

Chapter 3 details the applied characterisation methods, the sample preparation procedure for 
hydrated residues and the possibilities and limitations of the applied techniques.  

Chapter 4 presents the results of the anhydrous characterisation, microstructural features and the 
determination of the elemental composition of the each synthesised ye’elimite polymorph. It also 
details the cause of the mayenite formation and its XRD detection limit. 

Chapter 5 presents a general overview regarding the hydration kinetics and reactions of 
stoichiometric ye’elimite. It further provides insights into the dissolution and precipitation reactions 
during the first seconds and minutes, including the formation, composition and the morphologies of 
initial hydration products. The hydration pattern during the first 24 hours was divided into five stages 
for which we could determine some mechanisms for their onset and for their end. In a next step, the 
impact of the w/c ratio on the hydration kinetics of pastes was investigated. 

Chapter 6 details the impact of gypsum on the hydration of ye’elimite and especially on the 
hydration stages. It provides insights into the dissolution and precipitation reactions, addressing the 
importance of the solution composition on the accelerated formation of ettringite and the 
corresponding dissolution of ye’elimite. It further includes the chemical shrinkage evolution of 
stoichiometric ye’elimite alone and in the presence of gypsum. This study revealed a transitory 
chemical expansion resulting from the recrystallization of aluminium hydroxide and the release of 
bound water. 

Chapter 7 reveals the impact of synthetic mayenite on the hydration kinetics of stoichiometric and 
iron-rich ye’elimite in pastes and suspensions. Further, the effect of combined gypsum and mayenite 
additions was assessed. It further provides theoretical insights to explain the underlying mechanisms.  

Chapter 8 summarizes the main findings, draws conclusions and identifies potential future research 
directions.  
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2 Literature review 

 Calcium sulphoaluminate cement (CSA)  2.1

The historical development of the CSA technology is briefly discussed here. The production and use 
of CSA clinkers and cements was originally described by Alexander Klein in the late 1950s, mainly for 
shrinkage compensation in PC-based concrete [47] [48]. This led to the invention of ASTM Type K 
cement (ASTM C845-04) based on the “Klein” compound which is ye’elimite. They were also used for 
other non-structural applications, such as repair mortars or rapid hardening additive for OPC [47] 
[11]. Further development was done in China under the brand name ‘‘Third Cement Series’’ [11] and 
resulted in the Chinese cement standard GB 20472-2006. Two main CSA types were differentiated 
which are sulphoaluminate “SAC” and ferroaluminate cements “FAC”. The standard was first 
published in 1981, revised in 2006 and includes three CSA classes [49]: 

 Rapid hardening sulphoaluminate cement – R.CSA 
 Low alkaline sulphoaluminate cement – L.CSA 
 Self-stress sulphoaluminate cement – S.CSA 

The important properties of CSA-based binders (see also annex – part II) can be summarized as 
follows:  

 Additive for PC for the control of the setting time, early strength [11] [50] or for shrinkage 
compensation [11] [51]  

 Good durability of CSA-based concrete with respect to 
o Sulphate resistance [30] [50] [52] 
o Resistance against sea water and sodium chloride [30] [50]  
o Resistance against carbonation [30] [53] [54] 

 Normal workability and setting times when retarders are used [11] [29] [30] 
 Reduced risk of efflorescence as no or little as portlandite is formed during hydration [55] 
 Cold weather application [29] [56] and freeze-thaw resistance [57] [58] 

CSA type cements were already intensively studied, developed and used in real applications over 
decades. Additionally, commercial products, standards and technical approvals exist already 
(additional information are available in the annex – part II) providing a “proof of concept” for this 
alternative binder type. Belite-rich CSA types sometimes referred to as belite ye’elimite ferrite (BYF) 
are gaining increasing interest. This is due to the potential to substitute expensive or -bearing 
virgin materials such as bauxite or limestone, respectively with industrial by-products and wastes 
[33] [59] [60] [61]. This would enable a significant cost reduction (e.g. for bauxite) and of  
emissions (e.g. from limestone). On the contrary, the use of industrial by-products and wastes could 
increase the content of minor elements such as iron, alkali, phosphor and heavy metals [33] [61]. 
Especially the iron content increases with the use of by-products and wastes. 
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 Production – Raw materials and pyro-processing 

CSA was historically produced from virgin raw materials such as limestone, bauxite and clay together 
with gypsum under oxidizing conditions [1] [12]. The optimal production temperature is around 
1250°C [1] [12] [25] and strongly depends on the raw materials used and the formulation [33]. Strigá  
et al. [62] emphasized that the type of raw material used has a strong impact on the clinker 
formation and composition as the main minerals ye’elimite, belite and ferrite can incorporate 
significant amounts of foreign elements. The optimal production temperature also depends on the 
probable formation of intermediate, unwanted phases. For example, Korndörfer [63] showed that 
the use of kaolin instead of bauxite as alumina source hinders the formation of ye’elimite within 
temperature range from 1000 °C to 1200 °C. This was caused by the formation of gehlenite ( ), 
which is an unwanted, intermediate phase. This phase is not hydraulically reactive but binds alumina 
and calcium which are in turn not anymore available for the reactive clinker phases. Sintering 
temperatures above 1250 °C would be needed to decompose gehlenite again. On the contrary, too 
high temperatures and / or dwell times should be avoided as this could lead also to the 
decomposition of ye’elimite [64]. Recently it was shown that elemental sulphur or sulphur-rich 
products can be used as alternative fuels for the production of CSA and BYF [65]. The combustion 
causes the oxidation of sulphur and formation of gaseous , which can react with phases such as 
lime, calcium aluminates and silicates to form anhydrite, ternesite and ye’elimite. The gaseous  
further stabilises sulphate-bearing phases at higher sintering temperatures [65] [66]. Another 
advantage is the significant reduction of process related  emissions by replacing conventional 
hydrocarbon based fuels such as oil or coal by the elemental sulphur and its derivatives. 

 Clinker composition 

The chemical composition of CSA clinkers covers a broad range in the system 
 as shown in Table 2.1-1. CSA has lower  and  but far higher  and  

contents compared to PC or BYF. BYF falls into the ranges between PC and CSA, where the iron 
content is typically higher.  

Table 2.1-1 Typical compositional ranges of PC, CSA and BYF 

PC (%) CSA types(%) BYF types (%) 
 55 – 75 35 – 45 45 – 56 
 15 – 25 5 – 10 15 – 22 
 2 – 6 25 – 35 15 – 25 
 0 – 6 0 – 9 2 – 12 

 0.3 – 1.5 6 – 30 6 – 15 

The mineralogical phase assemblage of CSA and BYF in comparison to PC is shown in Table 2.1-2. 
Alite is the dominant phase in PC whereas CSA and BYF do not contain significant alite contents. 
Ye’elimite is the phase which determines the clinker and cement quality. Dicalcium silicate and 
ferrites are typically present as minor phases in PC or CSA, whereas they are the main phases of BYF. 
Additional information about the potential for the reduction of the emissions, the energy 
consumption or the clinker classification and cement properties can be found in in annex – part II. 
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Table 2.1-2 Comparison of typical compositional ranges of the mineralogical phase assemblages  

PC [%] CSA types [%] BYF types [%] 
 (alite) 55 – 75 0 – 5 0 – 5 

 (belite) 10 – 20 0 – 55 45 – 75 
, , ,  (aluminates) 5 – 10 0 – 20 0 – 5 

 (ferrites) 5 – 10 0 – 30 2 – 40 
 (ye‘elimite) 45 – 75 20 – 45 

Cements 
 (calcium sulphates) 3 – 6 0 – 30 0 – 15 

C & CH (free lime & portlandite)  0 – 2 0 – 25 0 – 1 

 Anhydrous phases  

Calcium sulphoaluminate or ye’elimite ( ) is a mineral belonging to the sodalite family. 
Ye’elimite is a pure aluminate sodalite which contains calcium instead of sodium. The sodalite group 
phases have the general formula  (with  and ) 
( [67] [68] [69]) with:  being low charged caged cations ( ),  are tetrahedral 
coordinated framework-building cations ( ) and  are caged anions (

). The charged balance is maintained by compensating the excess charge of the 
framework unit by the cage anions. The aluminate sodalite ye’elimite is characterized by a 

 framework, together with one or more divalent, less monovalent, cation(s) and a 
tetrahedral shaped oxyanion . The derived chemical general formula for ye’elimite would be 
accordingly: . The arrangement of the framework is very flexible and can adopt 
its structure (e.g. rotation and tilting of the  tetrahedra) and size in dependence of the present 
cage cations and anions. However, it needs to maintain the charge balance. The excess charge of the 

 framework is balanced by caged  and  [67] [68]. Stoichiometric ye’elimite 
has cubic symmetric at temperatures above 800 °C and undergoes a phase transition to an 
orthorhombic symmetry at room temperature [36] [70] [71]. Several research groups reported the 
possible stabilization of a pseudocubic symmetry by incorporating foreign ions such as iron [34] [35] 
[39] [72].  

Calcium aluminates are forming the binary system  which contains several 
intermediate phases. The calcium aluminates tricalcium aluminate ( ), krotite or monocalcium 
aluminate ( ), grossite or monocalcium di-aluminate ( ) and mayenite ( ) are mainly of 
relevance for the cement industry. Tricalcium aluminate is the main aluminate phase present in PC. 
This phase will not be further addressed, as it is not present in most of the investigated synthesized 
clinkers. Krotite is the main phase of calcium aluminate cements “CAC” together with grossite and 
mayenite [73] [74] [75] [76]. These phases are typically only present as minor phases in CSA or BYF 
[33] [37]. Krotite has a wide stability field, can form large prismatic crystals and often contains iron 
[77]. Mayenite has a very narrow stability field, forms small crystallites which are further intermixed 
or embedded within other phases like krotite or ferrite [73] [78]. Several elements are known to 
stabilise mayenite. Those include iron [73] [77] [79] [80] [81], fluoride, chloride, cyanide, sulphide 
[82], magnesium [79] [81] and silica [79] [81] [83]. New types of commercial CACs are available which 
are mainly composed of amorphous mayenite glass [83] [84] [85] [86]. It is well known that the 
different aluminates hydrate with different rates depending on their calcium content [73]. Mayenite 
is by far more reactive than krotite but less reactive than tricalcium aluminate.  
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Pure krotite can have a dormant period ranging over tens of hours. Grossite reacts at a much slower 
rate than krotite. The addition of calcium sulphate, e.g. as gypsum, causes an acceleration of the 
krotite and retardation of the mayenite hydration. Grossite almost does not react within the first 
days of hydration.  

The formation of the calcium ferrites starts with calcium ferrite ( ) at about 1000 °C, followed by 
dicalcium ferrite or srebrodolskite (  or ) [87] [88]. By increasing the temperature 
above 1216 °C srebrodolskite starts to melt. In the presence of alumina the melting point of the 
ferrites decreases and wide ranges of solid solutions with the general formula , 
with x from > 0 to below 1.40, can be formed. Raab [89] showed that srebrodolskite and 
brownmillerite can be formed already at 700 °C when using nano-sized raw mixes such as from sol-
gel synthesis. The alumina-rich solid solutions are formed by dissolving of alumina into the liquid 
phase and the recrystallization of alumina-rich ferrites during cooling. The alumina can originate from 
the raw materials components or from intermediate clinker phases such as calcium aluminates [90]. 
Srebrodolskite has an orthorhombic primitive lattice, where the symmetry can be preserved to 
substitution levels of x up to about 0.6 [91] [92]. The further increase of the alumina concentrations 
causes the modification of the symmetry to an orthorhombic, body-centred phase [92] [93] such as 
brownmillerite (ideally  or ) [73]. It is generally accepted that the ferritic 
phase, written , represents non-ideal solid solution which also contains additional elements 
such as alkalis, magnesium, silica, sulphur and phosphor [62] [91] [94]. Reducing conditions* cause 
the partial substitution of  by  [89], where the /  ratio correspond to the applied 
sintering temperature [95]. Clinkers with high /  ratios had greenish to bluish colour where 
clinkers with low ratios had a dark brownish to black colour [95]. As for the aluminates it is general 
accepted knowledge that the ferritic phase hydrates with different rates, depending on the alumina 
over iron ratio and the presence of calcium sulphate [93] [96] [97] [98]. The alumina-rich phases 
hydrate faster than iron-rich ones and the presence of calcium sulphate causes a strong retardation 
of both.  

* Lack of oxygen in the gaseous atmosphere, i.e. low oxygen partial pressure, from e.g. incomplete oxidation of 
(hydro)carbon fuels, resulting in the formation of reducing agents such as C,  or : e.g. 

 

Calcium sulphate or Anhydrite ( ), as part of the clinker, is typically present as a minor phase in 
CSA [33] [37] and synthetic ye’elimite (see Chapter 0 and annex – part IV). It is present as anhydrite I, 
also called dead burnt anhydrite, which forms and is stable above 1180 °C [99]. Dead burnt anhydrite 
is known for its slow dissolution rate (annex – part V). Anhydrite is only stable till 1300 °C under 
oxidizing conditions (excess of oxygen in the gaseous atmosphere, i.e. high oxygen partial pressure). 
The decomposition process accelerates once the temperatures rise above 1300 °C. On the contrary, 
the decomposition of anhydrite starts from around 1100 °C under reducing conditions [100] [101] 
[102]. The decomposition of anhydrite causes the volatilization of sulphur and the formation of free 
lime such as e.g.: . 
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 Mineral dissolution and precipitation reactions 2.2

The hydration of cement is in simple terms a dissolution-precipitation process [46]. The water is 
initially undersaturated with respect to the anhydrous phases and hydrates. Consequently, the 
anhydrous phase starts to dissolve. The dissolution is rapid at a high degree of undersaturation 
whereas it slows down when coming closer to point of equilibrium solubility of the dissolving phase 
[40]. The solution becomes increasingly enriched with dissolved ions, supersaturation with respect to 
specific hydrates is reached and in consequence the precipitation of the saturated hydrates may 
hydrates occur. The supersaturation and type of formed hydrates depend on the starting material 
chemistry, mineralogy, the dissolution and nucleation rates as well as other parameters such as the 
alkalinity and temperature of the solution. Additionally, it was recently discussed by Nicoleau et al. 
[103], that ongoing reactions such as the dissolution of a solid, changing of the solution composition 
and the formation of the hydrates are coupled. This means, any parameter that alters one of those 
variables, e.g. causing the accelerating or decelerating of a reaction, will also alter the others.  

Why it is important to speak about the dissolution and precipitation? In simplified terms, because it 
determines the properties of the products. This ranges from the fresh, e.g. workability or rheology, to 
the hardened properties, e.g. strength development. It is absolutely critical to understand the 
fundamental hydration mechanisms. This is especially true for the development of alternative 
binders which have to be competitive to PC, not only from economic standpoints but even more 
form the performance characteristics. The basis for the understanding of the fundamental reaction 
mechanism is found in the three major questions [46]:  

 At which rate does the system react? The reactions typically follow a kinetic path instead of 
forming directly the thermodynamic most stable hydrates. The overall hydration kinetics 
depend on the rate of the anhydrous dissolution and the formation of hydrates, as well as 
material specific properties such as particle and crystallite sizes, crystallography aspects (e.g. 
solid solutions, defects, etc.), morphologies, phase assemblages and distribution. 

 What types of phases are formed and are they stable?  
 How does the formed phase assemblage fill the available space, e.g. between the (left) 

anhydrous particles and that of which was formerly occupied by the anhydrous and free 
water? This does determine the type of the formed microstructure and in that respect the 
obtained macroscopic properties. 

Especially for alumina-rich binders we have to address an additional question:  

 Are the formed phases stable and what happens to e.g. the microstructure during 
transformation and recrystallization processes? Those questions include thermodynamic as 
well as kinetic drivers. 

The general chronological order for the formation of hydrates can be given as follows (adopted from 
[104] and extended): 

Exposure of a mineral to (highly) undersaturated aqueous solution  Mineral dissolution  Increase 
of solution concentrations  Aqueous complexation  Adsorption (surface complexation)  
Absorption  Surface precipitation  Co-precipitation  Ion-diffusion  Crystal growth, 
transformation (via solution) and recrystallization  
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The above given reaction order is further visualized in Figure 2.2-1 below.  

The hydration of cement typically results in the formation of metastable phase, followed by the 
progressive transformation to (more) stable hydrates. This especially is the case for alumina-rich 
binders such as calcium aluminate cements [73]. This is partially related to the formation of 
polymorphic compounds such as aluminium hydroxide. Aluminium hydroxide can precipitate in 
several crystal structures or as amorphous phase, where the different types can have also different 
properties such as the density, specific surface area or the amount of combined water. It is possible 
that only one of the polymorphs is thermodynamically stable under the given hydration conditions 
such as solution composition, temperature, pressure, etc.. The formation of metastable phases can 
be kinetically favoured and is usually followed by the transformation into more stable phase [105]. 
However, this process can be (infinitely) slow as e.g. it is the case for C-S-H, the main hydration 
product of PC. In addition, the stable hydrates tend to grow on expense of smaller crystallites to 
reduce the total (surface, interfacial) energy of the system. This process was noticed a long time ago 
by Ostwald who formulated his rule of stages, often referred to “Ostwald Rule of Stages” and 
followed by the so called “Ostwald ripening” [105] [106]. The process of the recrystallization typically 
includes the interaction of the formed solid with the aqueous solution and formed ion complexes. 
Overviews covering the geochemical theory of dissolution and the cement hydration in general were 
provided by Juilland [107], Scrivener and Nonat [46] and Scrivener et al. [108]. The role of the 
nucleation, growth and crystallisation process are of particular relevance to understand path from 
the anhydrous dissolution to the first (stable) nuclei and crystals. The interested readers are also 
invited to consult for example the work of Horn and Riegler [109], Kashchiev [110] and Cölfen [111]. 

 
Figure 2.2-1 Simplified chronological order for the formation of hydrates 
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 Concept of under- and supersaturation 

An idealized scheme of the nucleation and growth process is shown in the Figure 2.2-2. The 
dissolution starts in pure water and proceeds subsequently within a solution containing several ions 
such as of , ,  and  in the case of ye’elimite. Supersaturation with respect to 
hydrates such as ettringite, monosulphate and aluminium hydroxide will be reached and their 
precipitation may occur. It is important to determine the driving force for the hydration rate, the 
dissolution, the precipitation or a combination of both. Literature reports that CSA and BYF cements 
react rapidly directly after contact with water causing the rise of the solution concentrations and the 
formation of amorphous, metastable phases. The rapid concentration increase in solution together 
with the rapid nucleation process may kinetically favour the formation of metastable phases.  

 
Figure 2.2-2 Idealized scheme of the nucleation and growth process (adopted from [112] and extended) together with 

the four major zones “Undersaturation”, “Saturation”, “Supersaturation” and “Amorphous precipitation”; crystallization 
variable such as concentration of B, temperature or pressure 

Several parameters could influence the dissolution – precipitation rates such as: 

 Modifying the solution chemistry (ionic strength) by adding selectively one of the elements 
or even further ones  

 Changing the temperature, pH or the experimental setup such as low versus high-intensity 
mixing  

 Adding further components (e.g. accelerators, retarders, complexing or chelating agents)  
 Providing surface area as nucleation sites to reduce the activation energy barrier  

Dissolution and nucleation processes are coupled reactions. Any factor favouring one of them, e.g. 
acceleration or retardation, will in turn alter both [113]. This opens the question, at which rates 
phases will dissolve, concentrations will be reached and the nucleation of hydrates will occur?  
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For example, is there any correlation between the reported rapid dissolution rate of ye’elimite, the 
consecutive increase of the  concentration, and in the formation of amorphous aluminium 
hydroxide instead of gibbsite- or bayerite-like aluminium hydroxide [114]? Scrivener and Nonat [46] 
provided summary about the common understanding regarding the dissolution and precipitation 
mechanisms, covering the calcium silicate as well as calcium aluminate hydration. It is worth to 
briefly refresh what is known about the system  before going to the more 
complex system . As stated by Scrivener and Nonat [46] we 
assume that the dissolution of all the anhydrous phases is globally congruent to maintain the charge 
and mass balance as present in the crystallographic structure. In the system  
three variables have to be considered, namely the concentrations of , , and .  

Figure 2.2-3 is an extension of the idealized Figure 2.2-2, showing selected solubility curves of the 
hydrates monocalcium aluminate hydrate ( ), dicalcium aluminate hydrate ( ) and 
aluminium hydroxide types “ ” (crystalline and amorphous). All hydrates are less soluble than the 
anhydrous phases such as ye’elimite or krotite, where aluminium hydroxide is typically always 
oversaturated. The lines with the labelling C:A= 1 and 3 (  / ) indicate the evolution of the 
solution composition assuming the pure dissolution of the ideal calcium aluminates such krotite ( ) 
and tricalcium aluminate ( ). As the dissolution of krotite proceeds  and  will be 
release, where the concentrations will move along the line for C:A=1. It will intersect “X” only with 
the solubility curve of , indicating that only this phase should form, which is typically not the 
case. The line C:A= 3 intersects first with the solubility curve of  followed by that of e.g. 

. Theoretically both phases may form but  should form first.  

Figure 2.2-3 Selected solubility curves of  and  at 25 °C for the system  such as CAC; 
calculated with GEMS and using thermodynamic data from [115] and for amorphous AH3 from [116]; the dashed lines 
show the evolution of the solution for different of C/A ratios (  / ) and “X” represents the intersects with the 

solubility lines of the selected hydrates 
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Figure 2.2-4 is an extension of Figure 2.2-3, showing the solubility curves of all reported hydrates in 
the system . The theoretical ratio for C:A=2 “ ” is plotted as well but this 
phase does not exist. Monocalcium aluminate hydrate ( ) and katoite ( ) should be the 
stable products in the sulphate-free system. However, typically neither  nor  are 
observed or form very slowly, suggesting that their formation and growth may be kinetically 
hindered even if thermodynamically preferred. Instead, the initial formation of metastable hydrates 
such as dicalcium aluminate hydrates  (from  or ) or tetracalcium aluminate hydrates 

 (from ) occurs [73].  forms over time from the transformation of the metastable 
hydrates [73] [117] or by increasing the temperature [118] [119]. On the contrary, the formation of 

 is favoured at low temperatures around 5 °C, where its solubility increases rapidly with 
temperature, again favouring the formation of katoite [120].  

 

 

Figure 2.2-4 Solubility curves at 25 °C for the system  such as CAC; thermodynamic data from [115]  
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A fourth variable, namely , has to be included in the system . The 
solubility curves at a selected sulphate concentration of 0.02 mM/l are shown Figure 2.2-5 (a). The 
chosen sulphate concentration is representative for the early hydration period of ye’elimite. In 
addition, the line for dissolving stoichiometric ye’elimite, including the corresponding sulphate 
concentration, are those of sulphate-free calcium aluminates (C:A=1, 2 and 3) are shown.  

Ye’elimite has a lower C:A ratio compared to krotite. Consequently, the line representing the 
congruent dissolution of ye’elimite intersects with all sulphate-free calcium aluminate, where again 
the first phase which is oversaturated is  followed ,  and finally . However, 
as sulphate is present in solution, ettringite and monosulphate are oversaturated shortly after  
but before e.g.  and . If supposedly present, the dissolution of the theoretical phase 
“ ”, which is close to the composition of mayenite , would result in a further decrease of 
the  ratio in solution compared to the dissolution of ye’elimite and krotite. Intersects with the 
solubility lines of all hydrates are shifted to lower alumina concentrations. Especially  and 

 become supersaturated at already relatively low alumina concentrations of about 6 and 
7 mM/l compared to around 11 and 13 mM/l for ye’elimite. This can have a significant effect on the 
hydration kinetics as it is known that the nucleation of  is more easy and rapid compared e.g. 

 [73].  

Another important aspect is the formation of gibbsite-like or amorphous aluminium hydroxide. The 
stability of amorphous relative to gibbsite-like aluminium hydroxide may in turn favour the formation 
of ettringite plus  rather than of monosulphate as lately reported [121]. The amorphous 
aluminium hydroxide has higher solubility relative to gibbsite-like type and is in equilibrium with the 
solution at higher aluminium ion concentration. This in turn enables the formation of ettringite and 

 rather than monosulphate. This effect is visualized in Figure 2.2-5. (b). 

a) 

b) 

 

Figure 2.2-5 a) Solubility curves of selected phases at 25 °C for the system  such as CSA at a 
given sulphate concentrations of 0.02 mM/l; thermodynamic data from [115] [116]; b) Schematic representation of the 

impact of the aluminium hydroxide solubility on the potential phase assemblage (adopted from [121] [122]) of fully 
hydrated Y (including the minors), the following values were used in the calculations Gibbsite with log  =  1.12 [115] 

and amorphous AH3 am with log  = 0.24 [116] 
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 Hydration of ye’elimite 2.3

The fresh and hardened properties of CSA cement are typically controlled by the rapid dissolution of 
ye’elimite and the quantity and rate at which ettringite or monosulphate are formed. Therefore it is 
important to understand the parameters which control these reactions. Table 2.3-1 provides an 
idealized schematic overview about the anhydrous compositions, the ions in solutions and the 
hydrates assemblage. More details about the hydrates can be found in annex – part II and V. 

Table 2.3-1 Idealized summary of the anhydrous phases, liberated ions and hydrates  

Anhydrous Liberated ions  Hydrates 

 

 
 
 
 

Monosulphate, ettringite  
,  and  

 
 

 
 

 
 

Ettringite,  and  
( , monosulphate) 

 Ye’elimite - Basic hydration reactions 

Generally, the hydration reactions of ye’elimite are considered as shown in the simplified hydration 
reactions according to Equation 1 to Equation 4. The general order starts with the hydration of plain 
ye’elimite followed by the hydration of ye’elimite in the presence of calcium sulphate. Ideally, 
ye'elimite reacts in the presence of water to form monosulphate and gibbsite-like aluminium 
hydroxide (Equation 1). It also can lead to the formation of ettringite, metastable  and 
amorphous aluminium hydroxide (Equation 2). Ye'elimite reacts in the presence of two moles 
calcium sulphate to form ettringite and aluminium hydroxide (Equation 3). When calcium sulphate is 
depleted the formation of monosulphate becomes the dominant reaction. This is the case for the 
main investigated mix ratio in this thesis (Equation 4).  

Equation 1   

Equation 2    

Equation 3    

Equation 4    

These are simplified equations. The stable phase assemblage may differ significantly, depending on 
the hydration kinetics and the stability of the formed phases. For example, the formation of 
metastable  was already reported for hydrated CSA [121] [123] and ye’elimite [124], where 
others reported the formation of  [125] [126].  

CSA cements normally are used together with calcium sulphate to adjust the cement hydration 
reactions and products. The most common used calcium sulphate types are anhydrite and gypsum 
[11] [114] [127]. The addition of those promotes the formation of ettringite rather than of 
monosulphate. Table 2.3-2 shows the quantity of combined water per gram of ye’elimite for the 
reactions given above. Depending on the formed hydrates assemblages very different quantities of 
water can be bound per gram of ye’elimite. Any transformation from one phase assemblage to 
another could result in the release of bound water and / or a chemical expansion.  
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For example, the transformation of the product according to Equation 2 to the one according to 
Equation 1 would cause the release of about 29.3% combined water per gram of paste. 

Table 2.3-2 Combined water content 

Reaction 
Combined water per 100 g paste per 100 g of Y 

Vol.-% Wt.% Wt.% 
Equation 1 58.10 34.70 53.14 
Equation 4 64.32 40.33 82.66 
Equation 2 71.57 49.09 96.43 
Equation 3 67.75 43.68 112.17 

 

 Hydration sequences and effect of additions 

Isothermal conduction calorimetry is a powerful tool to characterise the hydration kinetics of 
ye’elimite. The hydrations starts with the wetting of the anhydrous phases such as ye'elimite and the 
sulphate source (gypsum or anhydrite), during which a small quantity of those dissolve. This part of 
the hydration is typically an exothermic process as shown e.g. in Figure 1.4-2. The hydration typically 
slows down fast after the initial period reaching a dormant period. The initial crystalline detectable 
hydration products are ettringite together with amorphous aluminium hydroxide [128]. It was 
already reported that ettringite was formed from the hydration of neat ye’elimite, i.e. absence of 
calcium sulphate, where the origin of its formation remains unknown [38] [39]. Winnefeld and 
Lothenbach [121] proposed that the formation of amorphous aluminium hydroxide and its higher 
solubility maintains higher aluminium ion concentration in solution. This in turn enables the 
formation of  together with ettringite (e.g. reaction according to Equation 2).  

The presence of calcium sulphate such as gypsum typically accelerates the hydration, where 
primarily the length of the initial and dormant period is shortened [39] [114] [121] [129]. In addition, 
a steadily higher heat release throughout the dormant period is observed in the presence of calcium 
sulphate [129]. The acceleration is caused by the steady formation of ettringite together with 
aluminium hydroxide [121] [114], until sulphate is depleted and the formation of monosulphate 
together with aluminium hydroxide becomes the dominant reaction [39] [130]. The origin of the 
onset, duration and end of the dormant period as well of the still high heat release remain unknown 
but seems to be linked to the formation of ettringite. The following onset of the acceleration, and 
with that of the main hydration period, is related to the reaccelerated ye’elimite dissolution and the 
continuous formation of ettringite, monosulphate together with aluminium hydroxide [114] [130]. 
Neither the heat flow during the dormant period nor the onset point of the acceleration period is 
affected by the calcium sulphate type [129]. This indicates that the reaction throughout this period 
maintains unchanged.  

The onset of the monosulphate formation is typically visible as another maxima or (right hand) 
shoulder peak in the heat flow curves [129]. It was further reported that the formation of ettringite 
and or monosulphate continued after depletion of ye’elimite [131] [132]. The origin of the continuing 
formation was related to the reaction aluminium hydroxide with calcium and sulphate. Some argued, 
that this reaction could cause an expansion in a hardened CSA cement matrix [129] [133] [134]. The 
type of calcium sulphate such as gypsum or anhydrite also plays an important role. The dissolution 
kinetics of the anhydrite are much slower than those gypsum [135] [136] [137].  
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As a result, the formation of ettringite proceeds faster with gypsum. The use of anhydrite could 
cause an undersupply of calcium and sulphate ions during the main hydration period. Thus, the 
formation of ettringite could be temporarily hindered which favours the formation of AFm phases 
such as , , monosulphate and sulphate-hydroxy solid solution AFm [129]. The addition 
of reactive lime sources such as free lime or portlandite causes the flash set originating from the 
instant formation of . This is caused by the high calcium concertation which shifts the 
intersection of the ye’elimite line to the solubility lines of the sulphate-free calcium aluminate 
hydrates (as discussed in section 2.2.1). This effect cannot be controlled by the presence of calcium 
sulphate but last only until e.g. portlandite is depleted [129]. The compressive strength is strongly 
altered depending on the type of binder, plain clinker versus cements with calcium sulphate, and the 
type of addition. The plain clinker reaches the lowest early but the highest 28 d strength. Cements 
made with gypsum reach the highest early and moderate 28 d strength. Cements made with 
anhydrite reach a moderate early strength but the same or even superior strength 28 d when 
compared to those with gypsum [129]. This clearly demonstrates the importance of the correlation 
between the rapid hydration kinetics, the formed hydrates and of the microstructure evolution [129] 
[128]. However, several questions remain open.  

 What causes the onset, duration and end of the different hydration period?  
 What happens during the dormant period, e.g. continuous heat flow, when comparing neat 

clinker versus cements with the addition of calcium sulphate? 
 What causes the different kinetics comparing similar materials? 
 What is the impact of the rapid reaction on the phase and microstructure formation? 
 Which hydrates are formed at which point of time, including sulphate-free calcium aluminate 

and if so, why (kinetics versus thermodynamics)? 

The hydration of ye’elimite with and without additions presents a good model system for the CSA 
and even BYF. The underlying reactions and mechanisms which control the different hydration 
periods and kinetics will be presented in the Chapter 5, 6 and 7 (and annex – part V). 

 Formation of solid solution ye’elimite and hydraulic reactivity

The production and use of CSA cements is of high interest for the cement industry. The (fresh) 
properties of CSA such as open time, setting and early strength development are primarily related to 
the hydration of ye’elimite and therefore it is important to known the aspects controlling its 
reactivity. A first step to understand the hydration behaviour is to know the anhydrous clinker as 
several aspects such as the bulk chemistry and mineralogy, the clinker microstructure and the 
formation of solid solution may play a role. As mentioned before, ferroaluminate cements “FAC” are 
a sub class of CSA cements described in the Chinese cement standard GB 20472-2006 [11]. Several 
authors reported that the hydration of FAC proceeds faster and that the initial pH was higher 
compared to CSA cements with low iron content [11] [12]. Similarly, it was shown that the use of 
industrial by-products and wastes for the production of BYF result generally in an increase of the iron 
content [33], the formation of a cubic ye’elimite rather than an orthorhombic one and faster 
hydration kinetics [34]. Jansen et al. [39] investigated the hydration of a synthetic stoichiometry and 
of an iron-bearing solid solution ye’elimite. They also reported a faster hydration and higher initial pH 
for the iron-bearing ye’elimite. The origin of the faster hydration as well as of the higher initial pH 
remains unknown.  
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However, the hydration kinetics for both ye’elimite varieties are similar when calcium sulphate is 
added. Similarly, other authors report that gypsum accelerates the kinetics of both ye’elimite types 
by promoting the formation of ettringite [38] [39]. 

The formation of several solid solutions of ye’elimite were already described for several other 
elements such as Ba [138], Cr [139] [140], Cu [141], F [138] [140], Mg and Mn [138], P [138] [139], Sr 
[142], Ti and Zn [140]. However, the impact of the hydration kinetics and reactions of ye’elimite often 
remains unknown. This is of particular high relevance as typically all used raw materials for the 
clinker production do contain such minor elements, including iron. Furthermore, there is interest to 
use industrial by-products and wastes such as calcareous ashes, air cooled blast furnace slag, alumina 
salt slag, phosphor gypsum and steel slag as alternative raw materials to replace virgin raw materials 
such as limestone, bauxite, gypsum and iron ore [34] [59] [143]. The use of by-products and waste 
may cause the increase of the content of minor and trace elements such as alkali, magnesium, 
phosphate, chromium, copper and many others in the clinker. Ultimately, the formation of new 
phases, e.g. calcium potassium or sodium sulphate and of solid solutions of the main clinker phases, 
can occur [33]. As a result, the hydration of cements made from such clinkers becomes more 
complex. 

 Thermodynamic modelling of hydration reactions 2.4

As discussed earlier, the hydration of ye’elimite-rich binders is rather complex, partly due to the 
rapid reaction, the formation of metastable and often poorly crystalline to amorphous hydrates. 
Furthermore, the determination and quantification of the formed hydrates can be experimentally 
challenging. Thermodynamics are the driving force, among many other parameters, for the 
dissolution and precipitation of solids. Thermodynamic calculations of the equilibrium chemistry in 
heterogeneous systems can therefore provide a powerful tool to enable the indirect assessment of 
the hydration reactions and products. This is possible for systems for which self-consistent 
thermodynamic data sets are available. The basis for thermodynamic calculations is the knowledge 
about the solubility products  of all involved components and the complex formation constants 
[144]. Hence, the chemical interactions between the solvent, the solids and gaseous phases, the 
species and complexes formed in solution can be considered simultaneously. This in turn, enables the 
prediction of equilibrium states and relative phase stability in these complex multi-component, 
multi-ions systems. In other words, thermodynamic modeling is an advanced mass balance approach 
which predicts the stable hydrate assemblages at given equilibrium conditions [144].  

During the hydration of cement the formation of metastable phases can be kinetically favoured 
rather than that of the thermodynamic stable ones, usually followed by their transformation into 
more stable phases [105]. The software solutions offer possibilities to define the kinetics or the type 
of hydrates formed by e.g. restricting the dissolution (rate) of minerals, using mineral dissolution 
rates determined experimentally as input data, suppressing selected phases during the calculations 
and / or by using different solubility product data. This enables the prediction of those metastable 
phases and of the bulk phase assemblage at a given time or hydration degree. The hydration kinetics 
of the cement can be used as input parameter for the thermodynamic modelling of the hydration 
reactions. They can be measured by several methods including the isothermal conduction 
calorimetry, quantitative X-ray diffraction coupled with thermogravimetric analyses, dissolution 
experiment coupled with the analyses of the solution concentrations, SEM-EDS and image analyses 
and combinations thereof [114] [145] [146].  
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The deviation between the measured to calculated solution and solid composition could indicate for 
example the presence of unknown (not considered) phases, solid solutions, solution complexes / 
species or the impact of the kinetics.  

Thermodynamic calculations were already successfully used for aluminate-rich cements such as CAC 
[122] or CSA / BYF [32] [114] [121]. Out of those, the free to use geochemical modelling program 
GEMS [147] provides a very powerful tool which already includes the thermodynamic data from the 
PSI-GEMS database [148] [149] and a cement specific data base [150] [151] and plenty of extensive 
tutorials. For example, Winnefeld and Lothenbach [114] could successfully link the dissolution of the 
anhydrous phases, the formation of hydration and the evolution of the solution composition of two 
different CSA cements with the thermodynamic prediction of the hydration reactions. As a result, the 
authors were able to predict correctly the formation of amorphous aluminium hydroxide for both 
CSA cements and of the metastable  for the one labelled “CSA-1”. Finally, they could model 
the phase transformation, volume changes and the amorphous compositions. This shows the 
strength of combining experimental studies with the thermodynamic modelling of the hydration 
reactions. Once the developed thermodynamic model is robust and able to predict the hydration of 
cement, it allows the easy and fast parameter variation. Thus it could provide further insights into 
the effect of parameters such as the clinker composition, the application temperature or the water 
to cement ratio [114]. This advanced approach could simultaneously consider the thermodynamics 
and kinetics of the cement hydration [144].  

Recently, Winnefeld and Lothenbach [121] reported the use of thermodynamic modelling to create 
ternary diagrams which could be used to directly assess the long-term composition and stability 
hydrates formed during the hydration of CSA, especially such cements containing belite. However, 
the modelling of the alumina-rich system remains challenging because of the presence of unknown 
quantities, of (sometimes) unknown phases and solids solutions. For example, Zajac et al. [152] 
investigated the hydration of alumina-rich binders based on OPC-metakaolin, CAC-limestone-
anhydrite and CSA-anhydrite blends. The authors added the data for amorphous aluminium 
hydroxide, labelled “Al(OH)3(am)”, into the thermodynamic cement specific database CEMDATA14 
[115]. They used a higher solubility (log  of 0.24 from [116]) for Al(OH)3(am) compared with 
micro-crystalline Al(OH)3 (log  =  0.67). The introduction of Al(OH)3(am) caused the change of 
the predicted phase assemblage for neat ye’elimite from monosulphate with gibbsite or micro-
crystalline aluminium hydroxide to a mix of ettringite,  and Al(OH)3(am). This is related to the 
higher solubility of amorphous relative to gibbsite-like aluminium hydroxide and the resulting higher 
the aluminium ion concentration maintained in solution as discussed in section 2.2.1. The impacts on 
the ye’elimite hydration will be discussed in detail in the Chapters 5, 6 and 7. 
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3 Materials and methods 

 Hydrated residues  3.1

Hydrated residues for QXRD and TGA analyses originated from the experiments carried out on 
pastes and suspensions. At chosen times the hydration of the samples was stopped by the solvent 
exchange method. For that purpose the hydrates solid residues were placed as received on a filter 
(blue ribbon filter based on cellulose ether, Whatman® grade 589/3) and a vacuum was applied to 
extract the aqueous solution. The filtrate was gently crushed (< 63 m) if needed, immersed for 
15 min in isopropanol, afterwards flushed once with petrol ether and finally dried at 20 °C for at least 
24 hours in a desiccator, over silica gel (to capture any humidity) and by applying a medium vacuum 
(about -0.4 to -0.5 bar). The powder residue left on the filter was further characterised. 

SEM-EDS analyses of polished sections were prepared by cutting slices of about 5 mm height from 
hydrated cement pastes. The slices were immersed for 48 hours in isopropanol. The samples were 
afterwards dried at 20 °C for at least 48 hours in a desiccator by applying a medium vacuum. Finally, 
the samples were epoxy resin impregnated and polished. 

Hydrated residues for HR-SEM (morphology and surface characterisation) and STEM-EDS 
(microstructure and phase composition) analyses were prepared using the same conditions as for 
the experiments in suspensions (as described in section 3.14). For w/b 100, only 0.18 g of anhydrous 
sample was hydrated for (very) short periods. The small sample size was chosen to reduce the 
amount of water needed to realize a w/b of 100, to keep the time needed for the drying of the 
sample (at the end of the experiments) and with that the exposure to water, as short as possible. 
Gypsum was added to the solution, if present. The procedure needed only to be changed for the very 
short hydration period of 30 seconds. For that the anhydrous clinker was placed directly on the filter, 
followed by the flushing with the solution (distilled water or with the solution containing pre-
dissolved gypsum). All other hydrated samples were transferred to a filter funnel after chosen 
periods and the remaining water was extracted by applying a vacuum. The time needed to extract 
the water was included in the hydration time. The samples were immediately transferred to 
isopropanol (isopropanol to solid ratio was greater than 1000) and kept for 5 minutes. Finally, the 
samples were dried and stored under medium vacuum (about -0.4 to -0.5 bar) and above a drying 
agent until the date of testing. Table 3.1-1 summarizes the mixing time total water exposure time. 

Table 3.1-1 Sample preparation time and nomenclature 

Sample Time of mixing Exposure to water  Sample Time of mixing Exposure to water 
[s]  [s] 

Y  

 30  

Fe-Y 

 30 
10 90  10 90 
60 250  60 120 

300 420  300 420 
6 h 6 h  3 h 3 h 

  

Y+G  

 30  

Fe-Y+G 

 30 
10 150  10  

300 420  300  
4 h 4 h  3 h 3 h 
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 Overview of used techniques  3.2

Table 3.2-1 gives an overview of the used techniques. 

Table 3.2-1 Material characterization 
Characterisation Method Location Analysed by 

Chemical composition 

XRF HTC Laboratory 
SEM-EDS EPFL Frank Bullerjahn 

SEM-EDS + QXRD EPFL - 
HTC Frank Bullerjahn 

STEM-EDS EPFL Emmanuelle Boehm-Courjault  

Mineral composition XRD HTC Frank Bullerjahn 
TGA HTC Frank Bullerjahn 

Mass balance calculations SEM-EDS + QXRD + TGA HTC Frank Bullerjahn 

Hydration reactions and 
kinetics 

Calorimetry HTC Frank Bullerjahn 
Chemical shrinkage HTC Frank Bullerjahn 
Reactor dissolution 

experiments HTC Frank Bullerjahn 

pH, conductivity HTC Frank Bullerjahn 
ICP-OES HTC Laboratory 
QXRD  HTC Frank Bullerjahn 

Physical characterisation PSD, SSABET,  HTC Laboratory 

Saturation indexes Thermodynamic 
modelling HTC Maciej Zajac, Frank Bullerjahn 

and Jan Skocek 

 BET specific surface area (SSABET) and particle size distribution (PSD) 3.3

The SSABET was determined by five-point N2 absorption / desorption isotherm measurements using a 
NOVA Touch NT4LX-1 from Fa. Quantachrome using the BET-equation (BET = Brunauer, Emmett and 
Teller). The anhydrous samples were degassed for two hours at 110 °C under a medium vacuum prior 
to the measurement. Hydrated samples were degassed for 24 hours at 30 °C and applying a medium 
vacuum. The particle size distribution was determined by laser diffraction using a Malvern 
MasterSizer 2000 applying the Fraunhofer model. For that purpose the sample was dispersed / de-
agglomerated in isopropanol and using an ultrasonic device. The results are presented as cumulative 
and frequency volume distribution. 

 Isothermal conduction calorimetry (ICC)  3.4

The isothermal conduction calorimetry (ICC) enables the time resolved assessment of the released 
heat at constant temperature conditions and as a result the assessment of the hydration kinetics. All 
materials (clinker, cement and water) were stored for at least 24 hours at 20 °C ±1 °C to ensure 
thermal equilibrium within the calorimeter. Cement pastes were prepared (~4g anhydrous plus 
additional water) by external mixing for 30 seconds with 2500 U/min using a laboratory Vortex 
shaker (VF2, Janke and Kunkel Labortechnik). For each measurement a vial of water is measured as a 
blank and to apply a correction for the baseline drift. The continuous data collection was done on a 
TAM AIR calorimeter from TA instruments. The results are presented as the rate of heat liberation 
(P in mW/G) and the integrated cumulative heat (Q in J/g).  
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 Chemical shrinkage (CS) 3.5

The principle was developed by Le Chatelier [153] and provides the time resolved assessment of the 
hydration reactions at constant temperature. This is done by measuring the volume differences 
between the reactants and the hydration products under saturated conditions. The results are 
expressed as integrated cumulative shrinkage (CS in cm³/g). The dilatometric technique was used as 
described in [154] [155]. For that purpose about 20 ml of paste with a w/b of 2 was mixed using the 
same shaker and conditions as for calorimetry. The pastes were then rapidly transferred to glass vials 
(sample height around 10 mm). The samples were knocked gently 25 times to release entrapped air 
bubbles. Afterwards, the vials were filled up carefully with water using a pipette so as not to disturb 
the cement paste. After filling the glass bottle with water, a graduated pipette was inserted through 
the lid and water was injected carefully to reach a level of about 1 ml (accuracy of reading of about 
0.01 ml). Coloured liquid paraffin (1-(Methylamino)anthraquinone; ; CAS Number 82-38-
2) was placed on top to avoid evaporation and to better read the level. The coloured liquid paraffin 
has to be filtered through a 0.45 m filter before its use. Measurements were made by controlling 
the level of the paraffin oil level regularly (more frequently at early ages and only three times per day 
after 48 hours of hydration). The data collection, if not stated otherwise, started 1 hour after the 
sample preparation to allow the equilibration of the sample, the measured value after 1 hour is the 
reference or zero value. Always five samples per material were measured. During each experiment a 
blank sample was additionally measured to check the base line drift. No drift was measured 
throughout any of the experiments. 

 Thermogravimetric analyses (TGA) 3.6

The mass changes through constant heating were recorded with a thermobalance. The observed 
mass loss is related to the decomposition of minerals and the release of water and other gaseous 
species such as  or . Thermogravimetric analyses were done on raw materials to verify the 
purity, e.g. of materials like calcite and gibbsite, and on hydrated samples to determine the 
composition qualitatively. The phase quantification by TGA was not applicable as peaks of several 
phases overlap. In addition, the presence of unidentified phases, e.g. not XRD detectable, with an 
unknown composition cannot be excluded. The amount of bound water (BW) was determined on the 
residues after the solvent exchange. The weight loss before and after the solvent exchanges was also 
measured to control the measured BW content. The results are presented as the weight loss over 
temperature and the 1st order derivative of the weight loss expressed. TGA measurements were 
carried out suing a Netzsch STA 449 F3 “Jupiter” device and always 30 ± 2 mg of powder. The powder 
samples were placed in open platinum crucibles (Pt/Rh 85 l: # 399.205). The measured temperature 
range was from 30 °C to 1050 °C, applying a heating rate of 10 K/min and continuous purging with N2. 
The data were analysed using the Netzsch Proteus Software. Several hydrated samples were 
repeatedly measured as well after several periods of storage under a medium vacuum to determine 
the deviation from one to another. The observed deviation of the total mass loss was lower than 
1 wt.%.  
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 X-ray fluorescence analyses (XRF) 3.7

X-ray fluorescence spectrometry was applied to determine the quantitative elemental main oxide 
composition of the investigated materials using the Axios device from PANalytical. Preparation of the 
fused beads: About 1.0 g of the sample is heated for 10 minutes at 1050 °C ± 10 °C to determine the 
loss of ignition. The residue of thermal treated sample is stored in a desiccator to reach about 20 °C. 
After cooling, the sample is mixed in the ratio 1:9 with a  /  mix and  as fluxing 
agents. The mix is transferred to a platinum crucible and 2 drops of a 5% -solution are added. 
The final sample is heated in total for 6 minutes at 1050 °C. After the first 3 minutes the crucible is 
removed from the muffle furnace and the sample is carefully mixed manually by swirling and 
returned to the muffle furnace for additional 3 minutes. Afterwards the melt is transformed to the 
bead form and cooled down with a fan. 

 X-ray powder diffraction (XRD) 3.8

The qualitative and quantitative mineralogical composition of clinkers and hydrated cement pastes 
were examined using the X-ray powder diffraction (XRD) analysis coupled with the Rietveld 
refinement (QXRD). All samples were prepared from fine powders (max. particle size of about 20 m, 
typically around 10 to 15 m) and using the back-loading method. The XRD patterns of the samples 
were obtained at room temperature using a Bruker D8 Advance in a -2  configuration with a 
monochromatic CuK  radiation (  = 1.54059Å) and equipped with the LYNXEYE (1D) detector. The 
generator settings were 40 kV and 40 mA. We used fixed divergence (0.29°), primary and secondary 
soller (4°) slits. The measurement range was 5° to 70° 2  with a step-size of approximately 0.02°. 
Continuous rotation was applied during the data acquisition. DIFFRACplus EVA search/match 
software and the PDF-2 database (release 2010) were used for qualitative spectra evaluations. The 
Topas 4.2 software package was used for quantitative Rietveld analysis [156]. The following 
parameters typically were refined but constraint: specimen displacement, background (Chebychev 
using 3 coefficients for anhydrous and 5 for the hydrated samples), scale factors, unit cell 
parameters, crystallite size L and for selected phases (e.g. ettringite and monosulphate) preferred 
orientation. Rietveld analyses were carried out only on dry samples, e.g. anhydrous or stopped 
hydrated samples, by using the internal and external standard method [157] [158]. The refinement 
results of the anhydrous samples were used to constrain the parameters for the refinement and 
quantification of the hydrated samples. For the external standard method a slice of quartzite rock 
was used as secondary standard and calibrated against NIST corundum. The external standard was 
always measured at the same day and using the same measurement conditions as for the sample. 
For the internal standard method, the (anhydrous or stopped) samples were blended with zincite 
(10 wt.% ). The used  was 100% crystalline when cross-checked with the external standard 
method. Within this thesis the term X-ray amorphous includes all non-detectable material like 
gelatinous and poorly (mirco-) crystalline phases. The quantitative phase composition of cement 
pastes was normalised to the amount of weight anhydrous solids, taking into account the amount of 
chemical bound water deduced by the TGA and using Equation 5 or Equation 6. 

Equation 5  Expressed per 100 g paste:  
Equation 6  Expressed per 100 anhydrous:  
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Where,  is the normalized quantity of phase i;  is the quantity of i determined from the 
Rietveld analyses,  is the applied water to cement ratio and  amount of bound water on 
ignited basis according to Equation 7. 

Equation 7   

The used crystallographic structures for the Rietveld refinements are summarized in Table 3.8-1. 

Table 3.8-1 Structures used for the Rietveld refinements 

Name Abbreviation 
& Grouping Formula Oxides (sulphides) Cement 

notation Reference 

Main clinker phases 

  
C4A3S 

 
C4A3 S 

[36]  

[72] 

Tricalcium 
aluminate 

Aluminates 

   [159] 

Krotite    [78] 
Mayenite    [160] 
Grossite    [161] 

Brownmillerite 
Ferrites    [162] 

Srebrodolskite    [163] 
Anhydrite A   CS [164] 
Gypsum G   CS  [165] 

Minor clinker phases
Corundum 

Minors 

   [166] 
Maghemite    [167] 

Wuestite     
Free lime    [168] 
Periclase    [169] 

Spinel    [170] 
Magnesioferrite    [171] 

Wollastonite    [172] 
Glauberite    [173] 
Jasmundite    [174] 

Hydrates 

Ettringite Et    [175] 

Monosulphate Ms    [176] 

Gibbsite 
    

[177] 
Bayerite [178] 

Standards
Quartz Qz    [179] 
Zincite     [180] 

The obtained refinements of the anhydrous samples were used as starting models for the 
quantification of the hydrated samples. Using this approach it is possible to constrain selected 
parameters such as for the crystal lattice which enables a more stable refinement. Rietveld analysis 
of such complex mineralogical compositions could result in errors up to 3% by the total mass of 
sample [37].  
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The sample preparation procedure such as the solvent exchange can reduce the amount of XRD 
detectable hydrates. Recent study systematically investigated the impacts arising from the chosen 
procedure [181]. All investigated protocols damaged to a certain extent the hydrates. The use of 
isopropanol, as done in this thesis, is one of the least harmful methods to preserve the phase, 
especially for ettringite and monosulphate [182]. Own testes showed that the detected ettringite and 
aluminium hydroxide contents were slightly reduced by about 5 to 10%, whereas the amount of 
monosulphate decreased by about 10 to 20% for stopped powder compared to fresh slices (not 
polished). However, the damaging effect varies and correlates with the sample age [182], where the 
effect is typically reduced with longer curing periods. 

 High resolution scanning electron microscopy analyses (HR-SEM) 3.9

The scanning electron microscopy is a quite powerful technique to identify the type, structure and 
potentially interaction of formed hydrates as well as morphological changes of the anhydrous 
particles and the resulting changes of the hydration kinetics [40] [43]. In that respect, the 
morphologies of the anhydrous starting materials as well as of the hydrated products were 
characterised by HR-SEM. A FEI Sirion SFEG microscope equipped with a field emission gun (tungsten 
crystal thermionic emitter) and an in-lens ultra-high resolution detector was used. Low accelerating 
voltages of 1-2 kV were applied. The measurements were done on very small quantities of powder 
which was dispersed on a carbon tape. The samples were carbon coated to avoid the surface 
charging. A Cressington carbon coater was used and applying both a tilt and rotation during the 
coating process. The coating thickness was controlled by a gold shutter and adjusted to 15 to 20 nm. 

 SEM with X-Ray energy-dispersive spectroscopy (SEM-EDS) 3.10

Backscattered electron image together with EDS analysis were carried out on polished sections 
anhydrous and hydrated samples in a FEI Quanta 200 SEM equipped with a tungsten thermionic 
filament and a Bruker XFlash EDS detector. The number of counts, set to 50000, was set as target 
instead of the measurement time. A set of standards was recovered under the same measurement 
conditions as used the sample analyses. A calibration was carried out against a copper standard 
always after starting the analyses of the new sample or latest after 4 hours of running the device. The 
matrix effect was corrected by the “phi-rho-Z” method. Based on these analyses it is possible to 
follow and describe the formation and development of the cement paste microstructure as well as its 
elemental composition [183]. For that purpose all samples were epoxy resin impregnated and 
polished down to 1 m, using diamond sprays and petrol as a lubricant. The embedded sample was 
polished on SiC paper # 1200 (Struers) to expose the surface. Afterwards, the polishing was done in 
about 6 to 10 hours depending on the sample where successively finer grades of the diamond spray 
were used. The order of polishing steps was 30 to max. 45 minutes at 9 micron, 2 to 3 hours at 3 
micron and 2 to 3 hours at 1 micron. The samples as well as the polishing disc were cleaned each 
hour by placing them in isopropanol and in an ultra-sonic bath for 3 minutes. The polished sections 
were stored under a medium vacuum in a desiccator for at least 24 hours. The samples were coated 
with a  30 nm carbon �lm prior to the experiment. The analyses were done under high vacuum 
conditions (  5×10 5 Pa) and an accelerating voltage of 15 kV to ensure a good compromise between 
spatial resolution and excitation. The working distance was kept always constant at 12.5 mm. 
Backscattered electron images (BSE) were used for the allocation of the measurements points.  
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 Scanning Transmission electron microscopy analyses (STEM) 3.11

We used the scanning transmission electron microscopy (STEM) mode in which the electron probe is 
focused into a small probe and scanned over the thin sample. The generated signal is detected at any 
point of the specimen. Two different detectors were used: bright field (BF) and high angle annular 
dark field (HAADF) ones. X-ray energy-dispersive spectroscopy (TEM-EDX) was also carried out in this 
mode to determine the composition of the hydrates. A FEI Tecnai Osiris microscope equipped with a 
Bruker Nano XFlash EDX detector was used, operating at 80 kV and at low current; these parameters 
aiming at preserving the hydrates microstructure. 

 Preparation of the STEM samples by Focused Ion Beam (FIB) 

Powders were first mixed with a special TEM hard resin (Gatan G2 epoxy). This mixture was 
centrifuged in a tube at 15000 rpm during 15 minutes in order to have a high density of particles at 
the bottom of the tube and only a small part of resin. After polymerization of the resin at 80 °C for 
12 hours, a slice of about 700 microns thick and 4 mm diameter was cut in the bottom of the tube. 
This slice was cut as a semi-disc and was then polished on both sides until reaching a thickness of 20 
to 30 microns. It was then glued on a copper half-ring of 3 mm of outer diameter and 1.5 mm of 
inner diameter, to ensure mechanical resistance while handling the sample. 2 windows of 5*10 m² 
were thinned down in each sample by FIB to about 100-150 nm of thickness to achieve the electron 
transparency needed for STEM analyses. 

 Solution chemistry by inductively coupled plasma optical emission 3.12

spectrometry (ICP-OES) 

At chosen points of time 10 to 15 ml solution was taken, filtered (0.45 m Nylon filters) and 
immediately acidified with a 65% HNO3 (ratio solution to acid was 1:1). The high concentration of 
acid was necessary to avoid the precipitation of solids such alumina gel. The solution samples were 
taken directly from the reactor (see 3.14) for the suspension experiments carried out at w/b 100. For 
those carried out at w/b 40, the solution was taken from the set of additional batch samples. The 
samples were stored at 5 °C till the measurement. The solution composition was measured within at 
least 24 hours for Al, Ca, Fe, K, Na, S and Si (ICP-OES, Varian Vista Pro with CCD-detector). A part of 
the extracted untreated solution was immediately measured for the conductivity and the pH. 

 Hydrates solubility and thermodynamic modelling (SI) 3.13

The saturation indexes at equilibrium conditions were calculated using GEMS (“Gibbs Energy 
Minimization Software” for Geochemical Modeling) [147]. The software package includes 
thermodynamic databases [148] [149] with the cement-specific data sets [115] [150] [151]. This 
method requires basic information like the cement chemistry or mineralogy, the solution 
composition, dissolution kinetics (e.g. from ICC, CS, QXRD and TGA) and phase specific solubility. 
More details can be found in the annex – part III. 
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 Suspension experiments 3.14

Double-walled, water-jacketed and sealed reactors were build (material = Plexiglas; total volume = 
1100 ml), to follow dissolution reactions in suspensions. The temperature was controlled by a 
thermostatic bath with external water circulation. All experiments were conducted at 23 °C ±0.2 if 
not specified otherwise. The reactor was kept sealed and flushed with N2 throughout the experiment 
to avoid carbonation. The continuous data acquisition of the conductivity, pH and temperature were 
done using a SevenExcellence S475A from Mettler Toledo, equipped with conductivity (Cond Inlab 
731-ISM, precision ± 0.01 mS/cm) and pH (Inlab Expert Pro-ISM, precision ± 0.05 pH units; XEROLYT® 
EXTRA polymer based reference electrolyte) electrodes. The data were logged constantly with a 
recording interval of 2 seconds (for measurements periods of 24 hours) or 30 seconds (for 
measurements periods to 16 days). Both electrodes are equipped with a temperature sensor 
(precision ± 0.1 °C). The measured values are recorded and automatically corrected for the reference 
temperature of 25 °C. The electrodes were calibrated against standards (three point pH and single 
point conductivity calibration) before each measurement. In addition, the conductivity and pH of 
fresh prepared KOH reference solutions was regularly measured to cross check the calibration 
results. The suspension was stirred at a fixed speed of 600 r/min throughout all experiments. All 
experiments were carried out at least with double determinations. Always ultrapure demineralised 
water and water to binder ratios (w/b) from 40 to 1000 were used. The suspensions were made by 
adding 20 g down to 0.08 g of Y to 800 ml of water.  

 

Technical drawing 
 

 

1 = PC for data collection 
2 = SevenExcellence (S475A Mettler Toledo) 
3 = Magnetic mixing plate 
4 = Reactor 
4.1 = Outer chamber for water circulation for 

temperature control 
4.2 = Inner “reaction” chamber  
4.3 = Magnetic stirrer 
4.4 = Nitrogen injection point 
4.5 = Port external water circulation for 

temperature control 
4.6 = Gas exit 
5 = Electrodes 

Figure 3.14-1 Photograph of a reactor, including the detailed description, and the technical drawing 
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 Summary about possibilities and limitations 3.15

Table 3.15-1 provides a short overview about the possibilities and limitations of the individual 
methods and to highlight the possibility and need to use at least two different but complementary 
methods. The by far most applied technique to monitor the hydration process is isothermal 
conduction calorimetry, as it is easy to handle, very sensitive but also reliable. However, several 
other complementary techniques such as chemical shrinkage, insitu QXRD, electron microscopy, 
dissolution experiments (solution evolution ± solids) and others are increasingly used to gain further 
insights in the hydration process. By using complementary methods it is possible to very and cross 
check obtained results and to potentially assess new phenomena. For example, ICC and CS 
measurements of the same material should provide a very similar evolution with regard to the 
integrated cumulative heat versus the cumulative of the measured shrinkage. In addition, the CS 
would provide further insights into features such as volume changes. QXRD results could be cross 
checked by e.g. TGA, mass balance calculations based on QXRD+TGA (i.e. for BW and total chemistry) 
or even IC, ICC and XRF measurements. This could be helpful to e.g. asses the amorphous phase 
composition. 

Table 3.15-1 Overview regarding the possible output and the limitations of the methods used thought out this study 

Method 
 

Output 
 

Limitations 
 

BET 

- Total available surface area, i.e. including 
porosity, will be assessed 

- Possible to obtain a correlation between 
the observed reaction rate and the 
available surface area like during high 
temperature synthesis (e.g. rate of 
mineral formation at given temperature 
and / or time) or during the hydration of 
a mineral 

- A quantitative physical parameter to be 
determined 

- Very sensitive to the sample preparation 
and type especially in the case of 
hydrates 

PSD 

- Full particle size distribution as the sum 
of each fraction can be determined 

- With knowledge about material 
properties the surface area can be 
calculated 

- Possible to obtain a correlation between 
the observed reaction rate and the PSD, 
i.e. either during high temperature 
synthesis (e.g. rate of mineral formation 
at given temperature and / or time) or 
during the hydration of a mineral 

- Outcome can vary depending on the used 
type of model, assumed particle shape 
(typically spheres) and transparency 

- Sensitive to sample preparation, 
measurement mode, e.g. dry or wet, and 
the type of used dispersion media 

ICC 

- Time resolved assessment of the released 
heat at constant temperature conditions 
providing information about the reaction 
rates 

- The heat release can be calculated (e.g. 
for DoH by QXRD) and compared to the 
measured one 

- Mainly qualitative information 
- Several reactions can overlap resulting 

e.g. in a “single” maximum 
- Very material specific (w/c, type of 

binder, temperature, …) 
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CS 

- Time resolved assessment of the 
hydration reaction at constant 
temperature conditions by the volume 
differences between the reactants and 
the hydration products providing 
information about the reaction rates and 
volume changes 

- Results can be connected to observed 
physical phenomena as the total volume 
changes are measured 

- The shrinkage can be calculated (e.g. for 
DoH by QXRD) and compared to the 
measured one 

- Several reactions can overlap 
- Very material specific (w/c, type of 

binder, temperature, …) 
- Little is known for CSA 
- Hydrates and phase assemblage 

composition often not well known or 
easy to determine 

TGA 

- Determination of total mass loss and 
potential for separation of e.g. of water 
from carbonate 

- Determination of BW content 
- Qualitative identification of hydrates, 

even for such which are not (well) 
detectable by QXRD like  

- The transformation / decomposition 
reactions of various phases overlap 

- Can be very specific for the type of 
material and the sample preparation 
(type of binder, sample mass, shape of 
crucible, heating rate, method to stop 
the hydration, …) 

- XRF 
- Quantitative composition (for the 

calibrated) main oxides can be 
determined 

- Volatile elements can be lost during the 
preparation of the fused beads 

QXRD 

- Identification and quantification of 
crystalline phases 

- Use of indirect methods to quantity even 
X-ray amorphous fraction 

- Time resolved phase evolution 
(anhydrous and hydrates) possible 
providing information about the reaction 
rates 

- The knowledge of the reaction degree of 
the anhydrous and of the quantity of 
formed hydrates enable mass balance 
calculations to derive the theoretical 
composition of the X-ray amorphous 
fraction 

- Signals of several reactants and products 
strongly overlap 

- Very sensitive to the applied 
methodology for stopping of hydration 

- Dependent on the user skills 
- Can be very specific for the type of 

material and the sample preparation 
(type of binder, back- versus 
frontloading, method to stop the 
hydration, Rietveld refinement strategy, 
used structure models, …) 

- Very material specific (w/c, type of 
binder, temperature, …) – as a result, 
very different extents of hydration can be 
measured and results cannot be linked 
directly to physical phenomena 

- Several phases can be present as poorly 
crystalline and (partly) amorphous 

- Spottiness and preferred orientation 
effects can occur 

- The quantification can reach high relative 
errors 
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SEM 

- Characterisation of phase morphology 
and composition 

- Characterisation of the composition and 
development of the microstructure 
(phase distribution, elemental 
composition, etc.) 

- Sample preparation (stopping of 
hydration, polishing, etc.) and 
measurement conditions (vacuum, etc.) 
alter the sample 

- Significant intermixing of phases and 
separation signals is difficult 

- An interaction volume is measured 
- Beam damages of e.g. hydrates can occur 
- Time consuming and assessment of very 

small areas 

STEM 

- Characterisation of phase morphology 
and composition 

- Higher accuracy for EDS and 
morphological analyses compared to 
SEM 

- Characterisation of the composition and 
development of the microstructure (i.e. 
distribution of phases, elemental 
composition, etc.) 

- Same as for SEM except that pure phases 
can be measured due to the use of thin 
sections 

DR 

- Time resolved assessment of the 
dissolution and precipitation reactions at 
constant temperature conditions 
providing information about the reaction 
rates 

- Several signals can be measured and 
experimental set-ups are possible 

- Can be easily supplemented with other 
methods such as ICP-OES, QXRD, TGA, 
SEM-EDS, etc. 

- Very well controlled conditions 

- Very little is known for CSA to appoint or 
differentiate reactions 

- Several reactions can overlap 
- Strong dependence on method and 

material (reactor geometry, w/c, binder 
type, temperature, mixing speed, etc.) 

- Only qualitative information without the 
use of other methods 

ICP-OES - Quantitative determination of the 
element concentration in solution 

- Only information about the total element 
concentration but not about the type of 
species 

- Our results indicate that the correct 
determination of the alumina 
concentration is very sensitive to the 
applied sample preparation procedure 

SI 

- Existing software like GEM-PSI (link) can 
be used 

- Enables prediction of hydration reactions 
and of potential intermediate and final 
phase assemblages 

- Results can be connected to observed 
physical phenomena as besides phase 
assemblages also volume changes can be 
predicted 

- Need for “basic” information about the 
cement composition (chemistry and 
mineralogy) and dissolution kinetics (e.g. 
from QXRD and TGA) 

- Detailed studies needed to gather data 
needed for the calculation of (meta-) 
stable phase assemblages 

- Not only thermodynamics but kinetics 
play an important role 

- Heterogeneous materials and reactions 
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4 Clinker synthesis and characterisation  

The results presented in this chapter were partly reported in peer-reviewed conference and journal 
papers: 

- 19. Internationale Baustofftagung (ibausil); 16. - 18.09.2015 Weimar, Germany 
o Title: Iron solid solutions of ye'elimite - Effect on reactivity [184] 

- 14th International Congress on the Chemistry of Cement (ICCC); 13. - 16.10.2015 Beijing, 
China 

o Title: Iron solid solutions of ye'elimite - Effect on reactivity [185] 
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This chapter presents details regarding the synthesis protocols on the clinker mineral formation, 
elemental phase composition and microstructure. 

We have discussed in Chapter 1, section 1.2 that the hydration kinetics of CSA cements varies 
strongly, even for cements with similar composition and fineness. The literature reports that 
stoichiometric ye’elimite has an orthorhombic symmetry at ambient conditions, whereas a cubic 
symmetry is stabilized by the presence of iron [35]. In earlier studies, the different hydration kinetics 
were related to the type and composition of ye’elimite, where iron-rich solid solution ye’elimite 
shows a faster reaction [34]. Thus, previous to this work, it was often assumed that there was a link 
between the presence of iron, the polymorphism and the hydraulic reactivity. The impact of iron is 
particularly of importance for BYF clinker, as they are often produced using iron-bearing industrial 
by-products as raw materials. Understanding the origin of this variation was the main motivation for 
this work. On key aspect is the impact of iron on the formation and composition of the ye’elimite 
clinker. The objectives of this part of the thesis are to investigate the role of iron on the clinker 
formation. This includes the bulk mineralogical composition of the bulk, the level of iron-substitution 
in ye’elimite and the impact of iron on the microstructure. For that purpose, we synthesised 
stoichiometric ye’elimite and mainly iron-bearing solid solutions by varying the raw materials 
treatment, the raw mix composition and the sintering protocol. The bulk chemistry and mineralogy, 
microstructure and elemental phase composition of the clinkers was assessed by XRF, QXRD and 
SEM-EDS (±STEM-EDS) analyses. 

 Ye’elimite synthesis  4.1

A summary of the synthesis campaigns and the investigated parameters is shown in Table 4.1-1. 

Table 4.1-1 Set of samples, investigated parameters and respective sample nomenclature in brackets 

Investigated parameters for series 

S1  S2  S3 

Formation solid solutions 
Sintering temperatures ranging  

from 1100 to 1300°C 
 

Formation iron-bearing 
solid solutions 

 

Using optimized raw materials 
and mix preparation for the  

production of about 1 kg batches 

Nomenclature  

 (Y) 

 (Fe-Y) 

 (Na-Fe-Y) 

 

with x in  

0.00 (Y) 
0.05 (0.05Fe-Y) 

0.08 (0.08Fe-Y) 
0.20 (Fe-Y) 

0.40 (0.40Fe-Y) 

0.80 (0.80Fe-Y) 

 
Y  

Fe-Y 
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The synthesis protocols for the different campaigns are shown in Table 4.1-2. The quantity of applied 
sintering cycles as well as the achieved mineralogy is presented in Table 4.2-1. The raw materials 
composition, the raw mix designs and the achieved mix compositions as well as the particle size 
distributions of all ground clinkers are reported in the annex – part IV. 

Table 4.1-2 Raw mix and clinker production protocol 
S1 S2 S3 

Targeted clinker composition 

100% ye’elimite 
95% ye’elimite & 5% 

anhydrite 
95% ye’elimite & 5% anhydrite 

Alumina oxide and calcium sulphate used  

As received As received Ground to d90 < 40 m 

Materials homogenization and grinding 

Suspension using isopropanol Suspension using water 

1) Suspension for 2 minutes in  
ultrasonic bath  
 a) Drying for 24 hours at 110 °C 

1) Suspension for 4 hours in 
a roller bock 
 a) Drying for 24 hours at 
60 °C 

1) Suspension for 2 minutes in a 
planetary ball mill (PBM) 
 a) Drying for 24 hours at 110 °C 

2) Suspension for 1 minute in a 
planetary ball mill (PBM) 
 a) Drying for 24 hours at 110 °C 

2) Grinding of suspension for 
1 minute in a VDM  
 a) Drying for 24 hours at 
60 °C 

 

Sintering procedure 
Powders gently compacted in corundum crucible using a pestle 

Open crucible Crucible covered with a lid 

Sintering for 1 hour directly  
at targeted temperature 

Heating from 20 °C to 900 °C with a heating rate of 5 °C/min  
Sample was kept for 1 hour at 900 °C 
Heating to target temp. with a heating rate of 10 °C/min  

Dwell time at target temp. 
1 hour 

Dwell time at target temp. 
3 hours for Y  

2 hours for Fe-Y 
Clinker cooling - At air and placed on a steel plate 

Intermediate grinding 
Dry powder for 1 minute in VDM before sintering repetition none 

Sintering repetitions 
3 timesa 1 to 3 timesb  1 time 

Sintering temperatures (°C) 

1100   
1150   
1200   
1250  X 
1300 X  

a 5 wt.% of extra anhydrite was added before 3rd sintering as a high loss of  occurs due to the volatilization of sulphur 
b Target to reach a minimum content of 90% ye’elimite 



Clinker synthesis and characterisation 

 
40 

 Clinker characterisation 4.2

 Mineralogical composition 

The main phases identified by QXRD are ye’elimite, krotite (often referred to monocalcium 
aluminate) and anhydrite. Depending on the raw mix preparation and clinker production protocol, 
several other minor phases were present. Y refers to the stoichiometric ye’elimite whereas Fe-Y 
refers to  which is present in all three campaigns. Various iron-bearing solid solutions 
were prepared for the series 2 (S2). The samples are labelled hereafter 0.xFe-Y, where x stands for 
the level of iron substitution in  (e.g. 0.05Fe-Y for ). From the results of S1 
and S2 it was found that the fineness, especially of the  source, proves a major impact on the 
formation of ye’elimite over the (persistence of) intermediate calcium aluminate phases (see also 
annex – part IV, Table 8.8-14 and Table 8.8-15). As a result, all raw materials for S3 were used with a 
minimum fineness of the d90 < 40 m (according to laser diffraction). Table 4.2-1 shows the 
quantitative composition determined of the clinkers (no amorphous phase detected).  

Table 4.2-1 Mineralogical composition of the clinker from Rietveld analysis of XRD; n.d. = not detected; + = traces  

 S1 S2 S3 

Target composition    

Nomenclature Y Fe-Y Na- 
Fe-Y Y 0.05 

Fe-Y 
0.08 
Fe-Y Fe-Y 0.4 

Fe-Y 
0.8 

Fe-Y Y Fe-Y 

 with  = 0 0.2 0.2 0 0.05 0.08 0.2 0.4 0.8 0 0.2 
Sintering temperature (°C) 1300 1300 1250 
Sintering repetitions (-) 3 3 3 3 2 2 1 1 2* 1 1 
   [%] 
Ye’elimite ortho.  96.9 35.0 19.7 93.7 90.9 46.7 24.9 19.2 n.d. 87.9 traces 
Ye’elimite cubic n.d. 59.3 73.2 n.d. n.d. 46.6 67.7 70.5 78.6 n.d. 93.9 
Mayenite  n.d. 0.8 0.5 n.d. n.d. 0.5 0.6 1.4 1.7 n.d. 0.6 
Krotite  n.d. n.d. n.d. 3.1 2.1 0.6 n.d. n.d. 1.9 5.1 0.2 
Grossite  n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.3 n.d. 
Brownmillerite  n.d. 2.7 5.6 n.d. n.d. n.d. n.d. 2.3 1.4 n.d. n.d. 
Srebrodolskite  n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 4.3 n.d. n.d. 
Maghemite  n.d. n.d. n.d. n.d. n.d. n.d. 0.8 1.3 2.5 n.d. 0.3 
Wuestite FeO -- n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.8 n.d. n.d. 
Anhydrite  2.7 2.2 n.d. 2.2 6.1 5.0 5.7 5.0 5.9 6.7 5.0 
Glauberite  n.d. n.d. 0.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Jasmundite 

 -- n.d. n.d. 0.3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Periclase  0.4 n.d. n.d. 0.2 0.2 0.2 0.3 0.3 n.d. n.d. n.d. 
Spinel  n.d. n.d. n.d. 0.8 0.7 0.4 n.d. n.d. n.d. n.d. n.d. 
Wollastonite  n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 2.8 n.d. n.d. 

* minor changes of composition after 2nd sintering (slightly reduced ye’elimite content but formation of srebrodolskite, 
maghemite and mayenite over krotite, wustite and calcium ferrite [ ]) 

All other results as indicated by Table 4.1-2, including a detailed assessment of the impact of the 
sintering temperature on the clinker formation and hydration kinetics, are summarized in the annex 
– part V. All clinkers had high ye’elimite contents. Only orthorhombic ye’elimite was detected in the 
absence of iron. The addition of iron favours the formation the cubic type over the orthorhombic one 
and increasing additions enhanced the formation of ye’elimite.  
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Several minor phases such as krotite, grossite (often referred to monocalcium di-aluminate) and 
brownmillerite (representing a solid solution between  to ) were found. The formation 
of mayenite was only detected in iron-containing clinkers. Figure 4.2-1 shows sections of the XRD 
patterns of the clinkers produced throughout the several campaigns. The addition of iron enables the 
formation of iron-bearing solid solutions of ye’elimite. This is revealed by several aspects. The 
reflections slightly shift to lower 2Thetha angles, i.e. increasing d-spacing, as a result of the 
isomorphic substitution of  (0.535 Å) by the larger  ion (0.645 Å). All strong peaks of the 
cubic and orthorhombic form overlap but the representative reflections of the orthorhombic 
structure decrease in intensity and almost disappear whereas the reflections of the higher symmetry 
cubic cell are maintained. These observations are consistent with earlier studies [35] [39] [72] [186].  

S1 S2 

  
S3 Calculated patterns 

  
Figure 4.2-1 XRD plot of the synthesised ye’elimite (as measured) including a zoomed section and calculated XRD 

patterns for orthorhombic (Y-o) [36], cubic (Y-c) ye’elimite [72] and mayenite [160]; # =  

For comparison to the synthetic ye’elimite, the calculated patterns of cubic and orthorhombic 
ye’elimite, mayenite and anhydrite are presented. The differentiation and quantification of 
orthorhombic and cubic ye’elimite is difficult as the patterns of both are overlapping but possible as 
the orthorhombic form has extra reflections due to its lower symmetry. The differentiation of both 
types depends on the presence or absence, sharpness and intensity of those reflections, i.e. peaks. 
But the representative reflections of the orthorhombic structure are also overlapping with those of 
mayenite complicating its determination and quantification.  
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The choice of the starting model of ye’elimite for the quantifications has only a limited impact on the 
determined total ye’elimite quantity. Comparing the results for refinements using the orthorhombic 
or cubic one and with combination of both only causes marginable differences below ±2% of 
ye’elimite.  

Figure 4.2-2 shows a zoomed section highlighting this effect. The peak doublet (or triplet when 
including the shoulder to higher 2Thetha angles) of the orthorhombic structure is shifted to lower 
angles and is poorly resolved with increasing iron additions. The increasing iron incorporation 
corresponds to the increase of the cell volume ranging from about 1555.15 Å³ to 1560.96 Å³ (ortho) 
and 779.15 Å³ to 781.76 Å³ (pseudo-cubic) but is within the limits of experimental error. This is 
consistent to the findings of Schmidt [186], there was no linear correlation between the cell volume 
and the determined chemistry. Another parameter that affects the unit cell volume is the sintering 
temperature. It was shown by several authors that higher temperatures causes an expansion of the 
unit cell volume of synthetic stoichiometric and solid solution ye’elimite [72] [187] [36]. The same 
was found by De la Torre at al. [188] for BYF clinker produced at lab-scale. Therefore, the 
determination of the composition of the solid solutions formed by QXRD and coupled Rietveld 
analyses was not applicable. Finally, the increase of the background signal is caused by the increase 
of the iron content and the resulting fluorescence of iron atoms when using Cu K 1 radiation. Despite 
all the mentioned difficulties, we included mayenite throughout the Rietveld calculations as STEM-
EDS analyses indicate its presence in the iron-rich clinkers. All other phases reveal characteristic and 
separated reflections and are detectable at even very low contents such as 0.2%. 

S1 S2 S3 

Figure 4.2-2 Zoomed sections of y-shifted patterns showing the shift and weakening of the triplet of stoichiometric 
orthorhombic ye'elimite with increasing iron incorporation 

 Detection limit for mayenite in ye’elimite clinker 

The XRD detectable quantities of mayenite are typically below 1%. It is also possible that a part of 
mayenite is present in an amorphous form [83] [85] [95]. We synthesised crystalline mayenite and 
prepared mixes with ye’elimite clinkers to assess the potential detection limit. A new batch of Y, 
produced according to approach for the S3 series (see annex – part V, Table 8.8-18), was used for this 
study. From the sample Fe-Y of the S3 series there was enough material available. The synthetic 
mayenite ( ) was produced by sintering a stoichiometric raw mix, composed of calcite and 
gibbsite powder, four times for 2 hours at 1300 °C following fast cooling at air and intermediate 
grinding steps. The raw mix (as suspension with water) and the (intermediate) clinker (as dry 
powder) were ground for one minute in a planetary ball mill. The clinker is composed of about 97.5% 
mayenite, 1.9% tricalcium aluminate and 0.6% krotite. No amorphous phase was detected.  
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The results of the quantification of the Y and Fe-Y mixes with mayenite are presented in Table 4.2-2. 
No mayenite was detected in the neat Y and therefore the results are the same. The mix with 
0.5 wt.% reveals only in marginable differences, by means of the resulting compositions, Rwp and 
GOF values, when refining with and without mayenite. Profound misfits, consistent with the 
increasing weighted profile R-factor (Rwp) and goodness of fit (GOF or ) values, are observable for 
mixes with 4.0 wt.%. The Fe-Y clinker seems to contain already traces of mayenite. As for Y, only 
marginable differences are observed for low mayenite additions up to 2 wt.%. At higher levels a 
significant misfits occur if mayenite is not included during the refinement. It is important to note that 
the Fe-Y clinker contains also traces of orthorhombic ye’elimite type according to initial Rietveld 
analyses but was not included during these refinements. This causes the slight higher Rwp and GOF 
values obtained for Fe-Y compared to Y. 

Table 4.2-2 Rietveld results of Y or Fe-Y -  mixes; using the orthorhombic (Y) and cubic (Fe-Y) structure 
Target mayenite  

Content 
Y refined without  Y refined with  

-o    
Rwp / GOF 

-o     
Rwp / GOF 

(wt.%) (%) (%) 
0.0 95.2 3.4 1.4 n.d. 7.22 / 2.23 95.2 3.4 1.4 n.d. 0.0 7.22 / 2.23 
0.5 95.4 3.3 1.3 n.d. 7.12 / 2.21 95.0 3.3 1.3 n.d. 0.4 7.04 / 2.19 
1.0 95.4 3.3 1.3 n.d. 7.23 / 2.24 94.5 3.3 1.4 n.d. 0.8 6.97 / 2.16 
2.0 95.6 3.4 1.9 n.d. 7.78 / 2.41 94.1 3.2 1.1 n.d. 1.6 6.90 / 2.14 
4.0 96.2 2.9 0.9 n.d. 9.54 / 2.96 92.5 3.1 0.9 n.d. 3.5 6.79 / 2.11 
8.0 94.5 2.8 2.7 n.d. 12.81 / 3.93 89.1 2.9 1.1 n.d. 6.9 6.74 / 2.07 

 
Fe-Y refined without  Fe-Y refined with   

-c    Rwp / GOF -c     
Rwp / GOF 

 (%)  (%)   (%) 
0.0 94.4 5.0 0.4 0.2 7.40 / 2.77 94.0 5.0 0.3 0.3 0.4 7.37 / 2.76 
0.5 94.1 5.0 0.6 0.3 7.43 / 2.79 93.6 5.0 0.2 0.3 0.9 7.33 / 2.76 
1.0 94.2 4.9 0.6 0.3 7.50 / 2.84 93.3 4.7 0.3 0.3 1.4 7.27 / 2.75 
2.0 94.0 4.9 0.9 0.2 7.80 / 2.93 92.4 4.8 0.2 0.2 2.4 7.21 / 2.71 
4.0 93.6 4.6 1.6 0.2 8.59 / 3.20 90.6 4.7 0.4 0.2 4.1 7.07 / 2.64 
8.0 92.4 4.6 2.8 0.2 10.90 / 4.04 87.0 4.6 0.6 0.2 7.6 7.26 / 2.69 
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Figure 4.2-3 shows the difference plots between the observed and calculated patterns from the 
Rietveld analyses of selected mixes. Consistent with the increasing Rwp and GOF values, the visual 
misfit becomes only evident with increasing mayenite additions around 2 wt.%. Based on the given 
results we assume a QXRD detection limit for mayenite of about 2%. 

 Y + 0.5 wt.%  Y + 2.0 wt.%  

Refined 
without 

 

  

Refined with 
  

  
Figure 4.2-3 Difference plots of selected mixes from Rietveld analyses; 1 =  and 2 =  position of peak(s); 

measured peak intensity at 23.65 2Th Degrees of about 510000 counts (-) 

 Analysis of microstructure and phase composition of selected clinker  4.3

 Ye’elimite formation scheme – Reaction sequences 

An idealized scheme its formation sequence of ye’elimite is shown in Figure 4.3-1 and complemented 
with a micrograph and elemental maps of synthetic Y (S1). Opposing gradients of alumina, calcium 
and sulphate are present through the Y particle. The alumina content is the highest in the center and 
decrease to the outer zone. The highest calcium and sulphate concentration is present in the middle 
or outer zones and both are absent in the center of the particle. This indicates that the initial reaction 
occurs between aluminium oxide ( ) and calcium oxide or lime ( ), to form aluminate phases as 
intermediate products. The used aluminium oxide contains traces of iron which is incorporated into 
ye’elimite. Magnesium oxide, present in the used calcium carbonate, is exclusively enriched in the 
calcium aluminates layer. Silicon is present as minor element in the used calcium carbonate and 
gypsum and thus, is appears (enriched) in the same area originally occupied by those materials. 
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Polished section of Y clinker Combined elements  Scheme of Y particle 

  
 

Elemental distribution of the Y particle above 

   

   
Figure 4.3-1 (Top) Scanning electron micrograph of a polished section of Y and scheme of Y particle formed from 

anhydrous starting materials; (bottom) element distribution; Na equally distributed (not presented) 

The reaction sequences leading to formation ye’elimite are represented by the idealized Equation 8 
to Equation 14. Aluminium oxide ( ) reacts with lime ( ) to form intermediate grossite ( ) in the 
temperature range of 700 °C to 1000 °C [189]. The grossite reacts  to form a layer of krotite ( ). 
The formed krotite can react with lime to form (traces of) mayenite ( ). The formation of 
mayenite may originate from local heterogeneities due to the not perfect raw mix homogeneity. 
Finally, krotite and mayenite further react with anhydrite ( ) to form ye’elimite. 

Equation 8   (870 °C – 1100 °C, experimentally confirmed) 

Equation 9   (experimentally confirmed) 

Equation 10   (700 °C – 1000 °C acc. to [189], questionable for our system) 

Equation 11   (870 °C – 1100 °C, experimentally confirmed) 

Equation 12   (> 900 °C – 1300 °C acc. to [190] [191], questionable for our system) 

Equation 13   (experimentally confirmed) 

Equation 14   (of minor relevance) 

The described formation sequences were also proven experimentally, as shown in Table 8.8-14 and 
Table 8.8-15 (annex – part IV). A similar reaction sequence was already described by Bergman [87] 
for the formation of ferritic phases from solid state reactions between  and . 
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 Clinker and particle microstructure  

SEM micrographs of polished sections and fractured powder samples of Y and Fe-Y (S3) are shown in 
Figure 4.3-2. Both clinkers reveal a porous microstructure, where the iron-rich clinker seems to be 
slightly less porous consistent to findings in similar studies [185] [192]. The crystals have a well-
developed morphology as shown by the well visible polyhedral grains of an average size around 1 
micron. The iron-rich solid solutions tend to be on average bigger and with a less well-developed 
morphology. The microstructure and the shape of the particles in both samples resemble a ceramic 
sintering product formed by solid state reactions from which melt were almost absent. The bright 
spots in the sample Fe-Y consist mainly of  but sometimes of a solid solution magnesium ferrite - 
spinel [ ] and an iron-rich , according to SEM-EDS analyses. However, the presence of 
these phases was not confirmed by QXRD analyses indicating that the overall amounts are either 
below the detection limit or present in amorphous state. 

 Y Fe-Y 

SEM-
EDS 

  

HR-
SEM 

  
Figure 4.3-2 Scanning electron micrograph of a polished sections (top) and fractured powder samples (bottom) of Y and 

Fe-Y (from S3) 

 The fluxing effect of iron – Impact on microstructure 

As mentioned above, Y can be almost exclusively formed by solid state reactions. The addition of 
iron, alone and with additional sodium, has a fluxing and mineralizing effect which primarily 
accelerates the formation krotite and grossite followed by its depletion due to the formation of 
ye’elimite. The impact of the liquid phase on the clinker microstructure is highlighted in Figure 4.3-3. 
The formation of a liquid phase is indicated by the enhanced nodulizing, the denser microstructure 
and reduced porosity (supported by SSABET analyses Table 8.8-13, annex part IV). The addition of 
sodium to the iron-rich sample increases the quantity of the liquid phase and seems to reduce its 
viscosity. This seems to cause the formation of particles or nodules composed of rounded ye’elimite 
crystals embedded within a matrix of a ferritic phase. 
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Nominal magnification x2000 Nominal magnification x400 

 

 
Figure 4.3-3 Scanning electron micrograph of a polished section of Y, Fe-Y and Na-Fe-Y clinkers of the S1 series 

The formation of a liquid phase, as shown earlier by Touzo et al. [193] and Zupan i  et al. [187], 
results from the relatively low melting points of calcium ferrite phases [87]. The ferritic phases such 
as srebrodolskite ( ) and brownmillerite ( ) can be formed as primary and secondary phases. 
Primary ones are formed from the raw materials or probably from the crystallisation of a liquid phase 
and are already detectable in the samples produced at 1100 °C. Secondary ferritic phases are formed 
from the decomposition of iron-bearing ye’elimite, formation of an intermediate liquid phase [193] 
and the resulting crystallisation of it during cooling.  
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 Elemental composition of ye’elimite  4.4

To assess the elemental composition of the ye’elimite formed, SEM-EDS analyses on polished 
sections were done. In a first step only ye’elimite particles were analysed by placing measurement 
points randomly by hand on ye’elimite particles. In the case of Y up to 0.08 Fe-Y about 300 to 600 
points were collected. For the samples with higher iron additions up to 1000 points were collected as 
often some inhomogeneous areas with high iron enrichment were observed. In a second set of 
experiments 6 frames were collected including a raster of 200 points per frame (only for the samples 
of the S3). The following elements were quanti�ed from the measured spectra: main Al, Ca, Fe, S and 
minors Si, Na, K, Mg. Two selected results for Y and Fe-Y (S3) series are presented in 2D plots of the 
given atomic ratios (see Figure 4.4-1).  

Y Fe-Y 

  

  
Figure 4.4-1 Atomic ratios of Fe/Al over Ca/Al (top) including a zoomed section and S/Al over Ca/Al (bottom) in the Y and 

Fe-Y samples of S3; F = maghemite, MF = magnesioferrite, CF = calcium ferrite 
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The majority of data points are located in a cluster around the composition of ye’elimite. Two 
additional clusters are present around the composition of krotite and grossite. These clusters are less 
pronounced in the Fe-Y sample compared to Y. Furthermore, anhydrite from the raw materials is 
present and intermixed with ye’elimite in Y. On the contrary, at least one calcium-rich phases such as 
mayenite or brownmillerite are intermixed with ye’elimite in Fe-Y. This result indicates the partial 
localised decomposition of ye’elimite, volatilization of sulphur and formation of krotite and lime. The 
formed lime may further react with the aluminate and ferrite phases to form e.g. mayenite and / or 
ferrite.  

To calculate the elemental composition of synthesised solid solutions of ye’elimite, various measures 
had to be applied. A clear distinction of the several aluminate phases and ye’elimite by their 
respective grey levels was not possible. To enable a proper determination of the elemental 
composition, a set of elemental filters based on atomic ratios were used. In this way the analyses of 
minor phases such as grossite, krotite or anhydrite, which are often intermixed or embedded with(in) 
the ye’elimite particles (e.g. see Figure 4.3-1), could be removed. 

Table 4.4-1 Set of filters based on atomic ratios (-) 

Ca / (Al+Fe) S / Ca S / (Al+Fe) Fe / Al 
depending on x 

> < > < > < > < 
0.60 0.80 0.20 0.30 0.10 0.23 0.00 0.20 

 

The corrected data was used to calculate the composition of the (solid solution) ye’elimite. The 
results were normalized to 16 atoms of oxygen for ye’elimite ( ) to facilitate 
comparison among different samples as done in other studies [62] [193]. Note that to calculate these 
compositions; we assume that each element is bound to the corresponding number of oxygens to 
form electrically neutral oxides. Such a procedure provides an improved accuracy over using the 
oxygen content determined by EDS. Emitted X-rays from oxygen have a relatively low energy and 
meaningful portion of it can be easily absorbed by the specimen and the detector window resulting. 
The composition of the ferritic phase was assessed whenever possible (to reach 10 atoms of oxygen). 
Unfortunately, we cannot assess the oxidation state and in that respect valence state of iron by SEM-
EDS which may lead to errors in the results. For example, it is well known that  can substitute 
for  in calcium ferrites [89] and probably in ye’elimite as well. For reasons of simplicity and lack 
of experimental data we assumed that the valence state of iron is exclusively , only the 
substitution of  by  was taken into account.  

The results are presented in Table 4.2-2 together with the achieved substitution degree and 
calculated molecular weight of the solid solution ye’elimite (molecular weight of stoichiometric 
ye’elimite is 610.3 g/mol). The determined elemental phase compositions were used for the later 
presented mass balance calculations. 
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Table 4.4-2 Calculated elemental compositions (atomic form) of the produced ye'elimite clinkers throughout several 
campaigns, results were normalized for 16 atoms of oxygen 

 Calculated compositions Target 
Fe (-) 

Achieved 
Fe (-) [%] 

Mol. Wt. 
(g/mol) 

  S1  

Y  -- -- 612.3 
Fe-Y  0.40 0.24 [60%] 617.6 
0.2Na-Fe-Y  0.40 0.23 [57%] 618.3 

  S2  

Y  -- -- 610.4 
0.05Fe-Y  0.10 0.09 [91%] 614.0 
0.08Fe-Y  0.16 0.15 [94%] 615.2 
Fe-Y  0.40 0.29 [73%] 618.7 
0.4Fe-Y  0.80 0.47 [59%] 627.4 
0.8Fe-Y  1.60 0.55 [31%] 626.7 

  S3  

Y  -- -- 612.9 
Fe-Y  0.40 0.39 [97%] 622.9 

The samples from S2 were, despite the intensive cleaning of all devices, contaminated with a raw 
meal used for the production of synthetic glass. This explains the measureable higher contents of 

, , and . The sample 0.8Fe-Y was prepared following the same protocol but in another 
facility. As a result, the quantified contents of , , and  are lower and within the error of the 
applied technique. An almost full substitution was only achieved for 0.05Fe-Y, 0.08Fe-Y (S2) and Fe-Y 
(S3) and generally decreases with increasing iron contents. The maximum achieved substitution of  
by , x in C4A3-xFxS , was about 0.27 (about 7.2 wt.% ) for the sample 0.80Fe-Y, which indicate 

a trend to the value of about 0.34 reported by Touzo et al. [193].  

In addition to SEM-EDS, the anhydrous particles of Y and Fe-Y (S3) are characterized by STEM-EDS 
analyses of the anhydrous particles (present in the hydrated samples after 30 seconds of hydration, 
see Chapter 5). The results are presented in Table 4.4-3 and are consistent with the SEM-EDS 
analyses. A few areas of the Fe-Y anhydrous particles have  ratios of about 0.80 which is close 
to that of mayenite of about 0.86.  

Table 4.4-3 Elemental ratios of ye’elimite measured by SEM-EDS and STEM-EDS (anhydrous residues); bulk = all 
measured data 

 

   
STEM  of 
measured 

areas 

SEM 
STEM 

SEM 
STEM 

SEM 
STEM 

Ye’elimite Ø 
bulk Ye’elimite Ø 

bulk Ye’elimite Ø 
bulk 

Y 0.669 0.654 0.665 0.159 0.165 0.151 0.008 0.007 0.010 40 

 0.667 0.167 --  

Fe-Y 0.707 0.742 0.740 0.166 0.184 0.164 0.069 0.113 0.065 50 

 0.714 0.179 0.071  
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The impact of the sintering temperature on the formation and substitution of A by F in  
was reported earlier [140] [194] [187]. The optimum temperature for the formation of iron-rich 

 or even  is reported to be about 1100 °C. On the contrary it is about 1200 °C to 
1250 °C to reach the highest ye’elimite content together with separate calcium ferritic phases. Such 
investigations were not within the scope of this study. Additionally, it is very likely that other 
elements such as , , , , , , P,  or  would further alter elemental composition of solid 
solution ye’elimite and in consequence the kinetics of formation and decomposition as well the 
hydraulic reactivity. Such systems should be studied, also in correlation to the sintering parameters 
and ultimately, to assess the impact on the hydraulic reactivity of ye’elimite.  

As mentioned in section 4.3.3 and highlighted in Figure 4.3-3, the S1 clinkers show clear indication of 
the decomposition of ye’elimite into the iron-based liquid phase, which is exacerbated in the 
presence of sodium. This is due to the relatively high applied sintering temperature of 1300 °C, the 
formation of a liquid phase promoting the raw mix burnabillity and the three-time repetition of the 
sintering. We were able to collect sufficient data to calculate the ferritic phase composition(s). The 
measured atomic  ratio of the ferritic phase is about 0.35 for Fe-Y and 0.73 for 0.2Na-Fe-Y. 
The increasing Al contents further strengthened the assumption that ye’elimite starts to decompose.  

Mass balance calculations are applied using the ye’elimite compositions from SEM-EDS and the QXRD 
analyses to calculate the bulk chemistry. This enables the cross checking and validation of the 
individual analyses. The comparisons of the calculated and measured chemical composition of Y and 
Fe-Y (S3) are shown in Table 4.4-4 as one example. The calculated and measure compositions are 
almost identical which indicates that the analytical results are reasonably good.  

Table 4.4-4 Comparison of the measured (XRF) and calculated (mass balance calculations based on QXRD and SEM-EDS) 
chemical clinker composition of by; n.d. = not detected 

  Y 
Difference 

Fe-Y 
Difference 

Calculated measured calculated measured 
 

(%) 
 

0.22 0.20 -0.02 0.27 0.20 0.07 

 47.12 47.78 0.66 43.98 43.84 0.15 

 n.d. 0.00 0.00 n.d. 0.00 0.00 

 n.d. 0.00 0.00 n.d. 0.00 0.00 

 0.56 0.65 -0.09 4.97 5.26 -0.29 

 36.81 36.87 -0.06 36.31 36.29 0.02 

 0.12 0.10 0.02 0.17 0.10 0.07 

 n.d. 0.01 -0.01 n.d. 0.01 -0.01 

 n.d. 0.00 0.00 n.d. 0.00 0.00 

 14.86 14.37 0.49 14.31 14.29 0.02 

 n.d. 0.02 -0.02 n.d. 0.02 -0.02 
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 Discussion 4.5

 Formation and stability of stoichiometric ye’elimite and in the presence of iron 

Literature reports that stoichiometric ye’elimite undergoes a cubic to orthorhombic temperature 
dependent phase transformation [35] [36] [70] [72], where the onset of the transformation appears 
at 711 K ± 5 during heating [70] versus about 742 K ± 5 during cooling [35] [36] [70]. The partial 
substitution of  by  within the crystal structure of ye’elimite stabilises the cubic symmetry 
during cooling [35] [39] [72] [186]. Consistent with the study of Zhang et al. [195] we could show that 
the formation of ye’elimite is accelerated at all temperature in the presence of iron (see Y and Fe-Y of 
S1 after the first sintering cycle, Chapter 12, section 12.7.2, Table 12.7-4 and 12.7-5). Our SEM 
analyses of polished and fractured samples studied here indicate that stoichiometric ye’elimite 
mainly forms by solid-state reactions, via the reaction of anhydrite with intermediate calcium 
aluminate phases consistent with earlier findings [196]. The addition of iron has a fluxing and a 
mineralizing effect probably due to the melting of ferritic phases around 1200 °C [87] [187]. The 
liquid phase acts as a glue to bind particles and as a transportation media for dissolved elements 
[193]. This for example leads to the observed more densified microstructure of Fe-Y compared to Y 
and even more pronounced densification when sodium is also present. The mineralizing effect may 
occur due to the substitution of  by  [64] [187] [195] which seem to promote the growth of 
particles. However, iron seem to primarily accelerate the formation of the intermediate calcium 
aluminate phases already at lower sintering temperature such as 1100 °C as shown in Table 4.5-1. 
The presence of those intermediate phases is obligatory, as they react further with anhydrite to form 
ye’elimite. Thus, any reaction that accelerates the formation of the calcium aluminate favours the 
formation of ye’elimite. The positive impact of iron on the formation of the calcium aluminate and 
ye’elimite seem inversed at 1300 °C. 

Table 4.5-1 Selected results from the mineralogical composition of the clinkers from the first series (S1) Table 8.8-14 and 
Table 8.8-15 (see annex – part IV);  = ortho. + cubic type; n.d. = not detected 

 1st sintering at 
1100 °C 

1st sintering at 
1150 °C 

1st sintering at 
1200 °C 

1st sintering at 
1250 °C 

1st sintering at 
1300 °C 

 Y Fe-Y Y Fe-Y Y Fe-Y Y Fe-Y Y Fe-Y 
 14.4 17.2 20.4 25.5 18.8 79.0 37.8 79.6 89.4 78.9 

 17.6 29.7 25.7 32.3 27.6 13.8 26.4 8.6 5.3 13.9 

 n.d. 10.5 n.d. 10.4 n.d. 3.5 n.d. 7.3 n.d. 3.5 

 67.2 42.0 53.3 31.5 52.9 3.7 35.3 4.5 5.0 3.7 

 0.8 0.6 0.6 0.3 0.7 n.d. 0.5 n.d. 0.3 n.d. 

The use of SEM-EDS enabled us to successfully determine the elemental composition of ye’elimite 
and the level of substitution of  by . On the contrary to earlier findings [35] [39] [72], the 
indirect determination of the  by  substitution in ye’elimite via QXRD the lattice volume 
evolution or by mass balance calculations was not accurate. Most of the minor phases, including 
mayenite and ferrites, are below the detection limit but in contrast, visible in the SEM micrographs. 
The determination of the increasing cell volume of ye’elimite due to the partial substitution of  
(0.535 Å) by the larger  (0.645 Å) could also not be used as other minor elements such as silicon 
or magnesium were incorporated into the crystal lattice as well. Moreover, we can neither exclude 
that the iron is present in several oxidation states, which would alter the results, nor that the applied 
sintering temperature and cooling procedure affect the cell volume [36] [72] [187].  
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The maximum value of x in C4A3-xFxS measured by SEM-EDS analyses was about 0.27 (about 7.2 wt.% 

) for the sample 0.80Fe-Y, which is close to the values of 0.32 to 0.34 reported by Zupan i  et 
al. [187] and Touzo et al. [193]. Substitution levels of  by  above 90% of the target were 
only achieved for 0.05Fe-Y and 0.08Fe-Y of the S2 series but not for Fe-Y. Using an optimized raw mix 
preparation procedure it was also possible to achieve more than 90% in the Fe-Y sample of the S3 
series. The observation of the morphological changes by the incorporation of iron is consistent with 
the study of Zupan i  et al. [187]. The authors found that the presence of iron as hematite ( ) or 
calcium ferrite ( ), led to the formation of more rounded particles and a denser clinker 
microstructure. The authors attributed this to the impact of the formation of a liquid phase and its 
interaction with ye’elimite. This assumption is strengthened by our findings. 

The calculated chemical compositions of almost all ye’elimite samples, except for S1, are close to the 
theoretical values (4 for , 6 for ( ) and 1 for ), in agreement to the QXRD evaluations and 
to complementary studies [62] [193] [197]. The calculated bulk clinker chemistry, based on QXRD and 
SEM-EDS analyses, further validates the results of the individual analytical methods. In contrast to 
the study of Idrissi et al. [192] no high  deficiency was found. In [192] the measured average 
formulas were obtained directly from the SEM-EDS measurements instead of filtering the results and 
calculating the atoms per formula unit. By recalculating the presented data, one will reach  
contents ranging from around 3.7 to 4.3, ( ) from 5.5 to 6.6 and  from 0.8 to 1.1. This 
indicates that ye’elimite was not measured as pure phase but was intermixed with calcium aluminate 
and calcium ferrites. With regard to S1: too high sintering temperatures and many cycles (total 
sintering time of 3 hours) caused the decomposition of ye’elimite, volatilisation sulphur and 
formation of secondary phases such as calcium aluminates and ferrites in S1. These phases were 
finely intermixed or embedded within the ye’elimite and the applied filters were not sufficient to 
provide accurate results. 

Based on the findings presented here we can formulate the following hypothesis: the mineralizing 
and the fluxing effect of iron leads to an increasing rate of formation of solid solution ye’elimite. The 
solid solution ye’elimite seems to possess a lower thermal stability compared to the stoichiometric 
one. Actually it is not clear what causes the lower thermal stability. One possibility is that the lower 
thermal stability is due to changing crystal structure. Another aspect could be the related to the 
faster formation of the solid solution ye’elimite. As it is faster formed, ye’elimite particles are longer 
exposed to the sintering temperature and may start to decompose again beside the still ongoing 
formation from the not yet reacted raw materials.  

An idealized scheme of the hypotheses is shown in Figure 4.5-1. It highlights the points for the Y and 
Fe-Y from the S3 series. Our hypothesis is supported by the findings of the comparative studies from 
Li et al. [64] and Zhang et al. [195]. The authors studied the formation and decomposition kinetics of 
ye’elimite from tricalcium aluminate and anhydrite. They found that already 1% of  (x = 0.05 in 

) reduces the formation and decomposition activation energies by about 20% 
(184 ±25 kJ/mol) and 34% (523 ±17 kJ/mol), respectively, compared to stoichiometric ye’elimite 
(231 ±42 kJ/mol and 792 ±64 kJ/mol). This means ye’elimite would form faster at similar conditions 
but also starts faster to decompose again.  
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Figure 4.5-1 Proposed scheme of the ye'elimite formation depending of the applied sintering temperature and duration; 

the scheme is adopted from the findings of Li et al. [64] and Zhang et al. [195] 

The decomposition of ye’elimite causes the formation of secondary phases such as mayenite, krotite, 
and ferrite. The formation of mayenite (  ratio ~ 0.86) depends on the availability of excess 
free lime ( ). This is not the case for the synthesis of a “Ca deficient” ye’elimite (  with a Ca / Al 
ratio ~ 0.66) which should form according to Equation 13 (see section 4.2.2). Therefore we assume 
that the decomposition of ye’elimite follows Equation 15. At least a part of anhydrite starts to 
decompose which in consequence lead to the partial volatilization of  and the formation of free 
lime. The fate of iron is not included for reasons of simplicity. The validity of this reaction sequence 
was experimentally proven for stoichiometric ye’elimite by Puertas et al. [198].  

Equation 15   

 Formation and composition of ferrites and the liquid phases 

As shown in Table 4.2-2 under section 4.4, the achieved level of substitution of  by  in 
ye’elimite ranges from about 31% up to 97%. The remaining or free iron is present as maghemite 
( ) (see Table 4.2-1 under section 4.2.1). No magnetic particle where detectable which excludes 
the presence of magnetite ( ). Traces of several calcium-bearing ferrites and of a magnesium 
ferrite ( ) were rarely detected or only found during the SEM-EDS analyses like for Fe-Y of the S3 
series. This indicates over all very low contents of these phases. Primary ferritic phases are formed 
from the reaction of the raw materials. The formation of secondary ferrites is the consequence of the 
decomposition of Fe-bearing ye’elimite. The composition of the ferritic phase can be close to the 
composition of  but tends in general to iron-rich members such as ,  or even  and 

. This is consistent to the findings by other researchers [62] [187] [193]. The magnesium ferrite is 
a complex solid solution which further contains calcium and aluminium. The presence of these minor 
phases was only revealed by SEM-EDS measurements but not by QXRD. The formation of spinel-type 
phases, e.g. ,  and various heterogeneous solid solutions, was already described for CSA type 
clinkers [197] [199]. One major condition for the formation is the absence of  which would 
alternatively promotes the formation of members of the melilite group. The formation of the 
magnesium ferrite or of spinel depends obviously on the availability of magnesium oxide. 
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The formation of a liquid phase is typically related to the presence of iron and is of particular 
importance in the field of cement production. The liquid phase should have two effects; it should 
enhance the mass transport between solids via the liquid phase and it should enable the nodulization 
leading to the formation of a denser microstructure [187] [193] [200]. Consistently, the presence of a 
liquid phase is revealed experimentally in SEM micrographs by the denser microstructure and 
reduced porosity (supported by SSABET analyses, see section 4.2.2). The addition of sodium (S1) 
seems to decrease the viscosity and increase the quantity of the liquid phase. On the contrary, it is 
well known that alkali metal oxides such as potassium and sodium oxide are known as network 
modifiers [201] which increase the viscosity of a liquid phase but reduces the surface tension [202] 
[203]. In that regard they are typically used to decrease the melting point of synthetic glass, slags and 
coal ashes during production [204] [205]. However, in our case sodium decreases the melting point 
of the ferrites and it seems also the viscosity of the liquid phase, which may be the dominant factor 
here. This is consistent to earlier findings regarding the combined effect of alkali and iron [206] [207]. 
Additionally, one has to consider the impact of the presence of sulphate which may cause the phase 
separation and formation of a second  melt [208] [209]. In that respect, the 
formation of glauberite ( ) was observed in the sodium-rich ye’elimite clinker (S1). Similar 
effects can be observed in the case of the phase assemblage, melting point and viscosity of the 
ferritic liquid present in OPC clinker [210] [211].  

Comprehensive summaries of the impacts of several minor elements on the OPC clinker phase 
formation and microstructure, including the liquid phase, are summarized by Klemm and Skalny 
[212], Viswanathan and Gosh [213], Johansen and Bhatty [214]. The aspects mentioned above may 
explain the observed nodulizing and densification of ye’elimite clinkers with increasing iron contents. 
Consistent with earlier observations [202] [203], the addition of sodium decreases not only the 
formation temperature of the liquid phase and but also increases the quantity. Furthermore, 
ye’elimite particles become rounded and are embedded within a matrix of the ferritic liquid phase. 
Zupan i  et al. [187] related the rounding of ye’elimite to the initiated decomposition or dissolution, 
which would be supported by the differences in the ferritic phase composition determined by us 
experimentally (see section 4.4). Another important aspect regarding the composition and viscosity 
of the ferritic liquid phase is the content of dissolved sulphate. It is well known in the cement 
industry but not without controversy, that sulphate reduces the surface tension and viscosity of the 
liquid phase which enhances the wetting and nodulization [215] [216]. However, other authors 
observed an increased liquid phase viscosity due to the presence of sulphate [217] [218]. Generally 
speaking, the lower viscosity of the liquid phase may enhance the mass transfer between the solid 
and liquid fraction which may promote the faster formation but also faster decomposition of 
ye’elimite. This assumption is strengthened by the results shown in Figure 4.3-3 (section 4.3.3) and 
Figure 4.5-1 above. The impact of sodium on the thermal stability of ye’elimite is not known.  

Finally, in the study of Touzo et al. [193] all analysed ferrites were free of sulphate. The authors 
reported that the liquid phase facilitates the formation of ye’elimite but that sulphate is not well 
retained and tends to volatile. In contrast, within this study the ferritic phases typically contain 
around 0.6% to 0.9% sulphate which is in a similar range as measured by Strigác et al. [62]. The 
observed differences are very probable related to the differences in the experimental set-up. In the 
study of Touzo et al. [193] mixtures of synthetic  and  were prepared, followed by a 
sintering at 1325 °C. After sintering, the elemental composition of the produced clinker was assessed 
and a significant volatilization of sulphur ( ) was observed.  
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In complementary studies on the thermal stability of anhydrite [101] [102] it was shown that under 
oxidizing conditions the volatilization of sulphur following the decomposition of anhydrite starts from 
around 1100 °C. Increasing temperatures accelerates this process and the decomposition becomes 
rapid at above 1300 °C. Slightly reducing conditions profoundly decreases the thermal stability of 
anhydrite even at temperatures far below 1300 °C. Within the present study we used an excess of 
calcium sulphate (added as anhydrite) as well as a lower sintering temperature of 1250 °C compared 
to 1330 °C used by Touzo et al. [193]. The crucibles were covered with lids and as a result, the  
partial pressure should be higher and as result, the loss of sulphur should be minimized. It is very 
probable that under the conditions used be Touzo et al. [193], the ferrites are either not 
incorporating sulphur from the beginning (at the moment that ye’elimite starts to dissolve into the 
melt or decompose to calcium aluminates and anhydrite) or they represent the first phases starting 
to decompose, releasing the bound sulphur and recrystallize during cooling from the melt. 

 Calcium aluminate phases 

The calcium aluminates krotite and grossite are the main phases present in commercial CACs, 
representing the binary system . The ratio between krotite and grossite in CAC depends 
mainly on the ratio of calcium oxide over aluminium oxide in the raw mix [75] [76]. Dodecalcium 
hepta-aluminate or also known as mayenite may occur as minor phase in CAC. Mayenite is also 
known as a minor phase present in OPC (occasionally) and CSA or BYF (typical). We have shown that 
iron promotes the formation of clinker minerals such as ye’elimite and the intermediate calcium 
aluminates. Especially, the intermediate phase krotite is formed much faster, also at lower synthesis 
temperatures such as 1100 °C (see also annex, part IV, Table 8.7-12 and 8.7-13). In krotite, a 
substitution level up to 5 wt.% of aluminium by iron has been reported [77] [78]. Thus we assume 
that iron has, besides the fluxing, a mineralizing effect which could explain our experimental 
observations. 

Similarly literature reports that mayenite is a non-stoichiometric phase which is stabilized by the 
incorporation of an excess of oxygen [219] or hydroxide [220] [221]. Several other elements can be 
incorporated into the crystal lattice of mayenite as well. In the context of ionic conductors, Eufinger 
et al. [82] provided a good summary about known solid solutions of mayenite containing. They also 
successfully investigated the high temperature solid state synthesis of mayenite substitute with 
fluoride, chloride, cyanide and sulphide replacing the hydroxide. Other studies investigated the 
synthesis and characteristics of mayenite doped with silica [79] [83] and magnesium [79]. In the work 
of Galuskin et al. [81] the natural analogues of many of the synthetic solid solutions are reported. 
One element of particular interest is iron. Iron-bearing solid solutions of mayenite were already 
prepared and the results indicated that iron may have a stabilising, i.e. mineralizing, effect [73] [77] 
[79] [80] [81] which is consistent to our findings. The formation of mayenite was strongly promoted 
in the presence of iron at low sintering temperatures such as 1100 °C (see also annex, part IV Table 
8.7-12 and 8.7-13). 
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Figure 4.5-2 Phase diagram of the system  in air of ordinary humidity adopted from [73] and extended for 

the temperature ranges for the intermediated clinker phases, presented in colour bars, adopted from [79] [189] and 
including  [190] [191] (extend range based on our findings) 
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 Conclusions 4.6

The main findings can be summarized as follows: 

 Ye’elimite is formed from the reaction of the intermediate calcium aluminates with anhydrite 
 Several primary and secondary calcium aluminates and ferritic phases are formed 

o Primary from the raw materials and secondary from the decomposition of ye’elimite  
 Iron has a fluxing and mineralizing effect 

o Enables or enhance the formation of a liquid phase  
o Accelerates the formation of intermediate (solid solution) calcium aluminates and 

thus of the solid solution ye’elimite 
o Potentially reduces the thermal stability of ye’elimite probably by  

 Its faster formation and longer residence time at the sintering temperature 
 Lowering the formation and decomposition activation energies  

 The decomposition of ye’elimite and volatilization of sulphur causes the formation of 
secondary mayenite and lead to an increase of the  ratio and in the ferritic phases 

 SEM-EDS analyse provided a powerful technique which revealed the 
o The densification of the microstructure in the presence of iron  
o Presence of several minor phases which are below the XRD detection limit 
o Maximum value of x in C4A3-xFxS of about 0.27 (7.2 wt.% ) where the (almost) 

full incorporation can be easily achieved around 0.05 to 0.10 (5 wt.%) 

The fluxing effect causes an enhanced nodulization, the densification of the microstructure, which 
promotes the mass transport of elements and thus the mineral formation. Especially, the 
intermediate phase krotite is formed faster and at lower synthesis temperatures such as 1100 °C. 
Hence it enables the faster ye’elimite formation. This effect is enhanced in the presence of sodium. 
Those results indicate that formation rate of krotite one of the key aspects to control the formation 
rate of ye’elimite. These findings can be directly applied for the production of CSA and BYF clinkers. 
For example, using a higher fineness of the calcium and aluminium sources as well as a good 
homogenization it could be feasible to optimize the production of such clinkers, e.g. enabling the 
reduction of the sintering temperature and / or the dwell time. 

The partial substitution of  by  within the crystal structure of ye’elimite stabilizes the cubic 
form to ambient temperature. However, using the same synthesis conditions, we observed the faster 
decomposition of the solid solution ye’elimite. It may originate from the incorporation of iron and 
the modification of the crystal structure. Another possibility could be related to the improved clinker 
burnabillity and faster ye’elimite formation in the presence of iron. Due to its faster formation, 
ye’elimite is also exposed for a longer period to the sintering temperature. Consequently, a fraction 
of ye’elimite may start to decompose. The decomposition of ye’elimite led than to the volatilization 
of sulphur and the formation of secondary phases such as mayenite, krotite and ferrites. The results 
of individual methods were checked successfully for plausibility by comparison to complementary 
analyses. For example, we carried out mass balance calculations by combining SEM-EDS and QXRD 
analysis to calculate the bulk chemical composition and to compare those results were compared to 
the measured XRF. Finally, the determination of the substitution level of alumina by iron was 
successfully done using SEM-EDS analyses. On the contrary, the indirect determination via QXRD 
alone and / or by applying mass balance calculations was not accurate. 
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5 Hydration reactions of synthetic ye’elimite 

 

The results of this chapter will be reported in peer reviewed journal(s): 

- Cement and Concrete Research 
o Title: Hydration reactions of synthetic ye’elimite  

  Draft under preparation 
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This chapter presents the results of experiments neat stoichiometric ye’elimite clinker carried out in 
pastes and suspensions covering water to binder (w/b) ratios from 0.5 to 1000. The experiments in 
paste were done for w/b ratios from 0.5 to 40. The experiments in paste were carried out 
suspensions with w/b ratios from 40 to 1000. Finally, a thorough comparison between the 
experiments carried out in paste and suspension is given. 

In general, it is widely accepted that hydration of ye’elimite is primarily responsible for the early 
properties of CSA and BYF cements. The main hydration products are ettringite, monosulphate and 
poorly crystalline or amorphous phases such aluminium hydroxide. Rarely the formation of different 
calcium aluminate hydrates is reported as well. It is often reported that the hydration kinetics varies 
strongly, even for cements with similar composition and fineness. The objective of this chapter is to 
characterise and understand the mechanisms operating at the different hydration stages of 
ye’elimite.  

For that the dissolution of anhydrous phases, evolution of the solution composition and the resulting 
formation, composition and morphology of the hydrates were investigated. Two sets of experiments 
were carried out. The first was carried out on paste samples with water to cement ratios from 0.5 to 
40. Mainly isothermal conduction calorimetry was used to assess the hydration kinetics. In this 
experimental set, quartz was used to allow the preparation of pastes with high water to binder ratios 
but avoiding or minimizing the bleeding or the sedimentation. The calorimetry measurements were 
supplemented by thermogravimetric analyses (TGA) and quantitative X-ray powder diffraction 
(QXRD) to determine the composition of the formed hydration products. The second series of 
experiments were done in diluted suspensions with water to cement ratios from 40 to 1000. In this 
set of experiments simultaneously the hydration kinetics and reactions were assessed qualitatively 
and quantitatively by measuring the specific electrical conductivity, pH and the solutions 
compositions. These results were further supplemented by TGA, QXRD, high resolution scanning 
electron microscopy analyses (HR-SEM) and scanning transmission electron microscopy (STEM) 
analyses.  
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 Summary – Experiments carried out in Chapter 5 5.1

Y clinker from the S3 series was used. The experiments were made in pastes and suspension in order 
to investigate the impact of the water to binder (w/b) ratio, the availability of surface area (Qz filler) 
and the evolution of the phase assemblage and solution concentrations. The experiments which 
were carried out are summarised in Table 5.1-1. Not all results are included in this chapter but 
available in the annex – part V.  

Table 5.1-1 Experimental matrix 

  Paste ± Qz Suspension 
  w/b 0.5 - 40 w/b 40 - 1000 w/b 40 w/b 100 

Calorimetry 
Continuous measurement 

0 - 48 h 
x    

QXRD + TGA 
Single sample at the end x   x 

Samples taken during 24 h   x  
Mass balance 
calculations 

All  x  x x 

Conductivity 
and pH 

Continuous measurement 
0 - 24 h 

 x x x 

ICP-OES Samples taken during 24 h   x x 
HR-SEM Samples taken during 7 min    x 
STEM-EDS Samples taken during 6 h    x 
Modelling Samples taken during 24 h   x x 

Two sets of paste samples were prepared by external mixing for 30 seconds with 2500 U/min using a 
laboratory Vortex shaker (VF2, Janke and Kunkel Labortechnik). First, neat binder pastes were 
prepared with w/b ratios from 0.5 to 10. For the second set of experiments, the binder was 
consecutively replaced by inert quartz filler (Qz) to reach w/b ratios from 1.11 to 40 keeping the 
maximum water to solid (w/s) ratio of 2. The compositions of the blends with quartz are shown in 
Table 5.1-2. 

Table 5.1-2 Binder compositions; w / s = water to solid ratio, w/b water to cement ratio 

 Y Qz 
w/s w/b 

 [%] 
w/b 0.5 100 0 0.5 0.5 
w/b 1 100 0 1 1 
w/b 1.11 90 10 1 1.11 
w/b 2 100 0 2 2 
w/b 2.22 90 10 2 2.22 
w/b 5 40 60 2 5 
w/b 7.5 26.65 73.35 2 7.5 
w/b 10 20 80 2 10 
w/b 20 10 90 2 20 
w/b 40 5 95 2 40 
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 Summary - Anhydrous materials used in the Chapters 5, 6 and 7 5.2

The ye’elimite clinkers Y (investigated in Chapter 5, 6 and 7) and Fe-Y (investigated in Chapter 6 and 
7) from the S3 series were investigated. Mayenite (investigated in Chapter 7) was produced by 
sintering the mix four times for 2 hours at 1300 °C following intermediate grinding steps. The 
mineralogy, from Rietveld analysis of XRD, of the produced clinkers is presented in Table 5.2-1. The 
effects of gypsum (p.a. Merck) and quartz (p.a. Merck) additions were investigated in all following 
chapters (investigated in Chapter 5 [Qz], 6 [G and G+Qz] and 7 [G, Qz and G+Qz]). 

Table 5.2-1 Quantitative phase composition of materials used; n.d. = not detected 

  Y Fe-Y  G Qz 

  [%]  

Orthorhombic ye’elimite (Y)  87.9 traces n.d. n.d. n.d. 

Cubic iron-rich ye’elimite (Fe-Y)  n.d. 93.9 n.d. n.d. n.d. 
Tricalcium aluminate  n.d. n.d. 1.9 n.d. n.d. 
Mayenite  n.d. 0.6 97.5 n.d. n.d. 
Krotite  5.1 0.3 0.6 n.d. n.d. 

Grossite  0.3 n.d. n.d. n.d. n.d. 
Maghemite  n.d. 0.3 n.d. n.d. n.d. 
Anhydrite  6.7 5.0 n.d. n.d. n.d. 
Gypsum n.d. n.d. n.d. 100.0 n.d. 

Quartz  n.d. n.d. n.d. n.d. 100.0 

All materials were ground in a planetary ball mill to a target d90 < 40- m. The achieved particle size 
distributions are shown in Figure 5.2-1. Fe-Y was slightly coarser which is supported by the lower 
SSABET value of 0.96 m²/g compared to Y 1.16 m²/g. The SSABET of mayenite, gypsum and quartz was 
1.04 m²/g, 1.13 m²/g and 1.22 m²/g. 

  
Figure 5.2-1 Particle size distribution of starting materials 
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 Results 5.3

Figure 5.3-1 shows a summary of the results from the experiments in suspensions. The tests are 
primarily based on the continuous measurement of the conductivity and the pH (both temperature 
corrected), supplemented by spot analyses of the solution and the solid residue composition. 

The solid black line (Figure 5.3-1 (a)) presents the conductivity, which provides qualitative 
information about the dissolution of the anhydrous phase and the precipitation of hydrates. This is 
due to the fact that cations and anions in solution such as of , ,  and  can 
carry an applied electric current. Conductivity is a material an “intrinsic” property of the material, 
e.g. in our case of the suspension. However, it provides “only” qualitative information, as is measures 
the combined effect of all ions in solution, i.e. the ionic strength. The increase of the conductivity is 
somewhat proportional to the anhydrous dissolution (e.g. neglecting the potential formation of ion 
pairs or complexes), which presents the source of liberated ions. The precipitation of hydrates causes 
the consumption of ions from solution and thus the decrease of the conductivity. However, the 
measured conductivity depends on several factors such as the concentration, mobility of ions, 
valence of ions and the temperature. The grey line represents the pH, which presents a direct 
quantitative measurement of the  or  concentration. 

Figure 5.3-1 (b) presents the measured concentrations at given times. In addition, the theoretical 
values for Ca and S are shown, which were derived from mass balance calculations based on the 
measured Al concentration and assuming the congruent dissolution of ye’elimite. The measured 
concentrations follow well the evolution of the conductivity up to about 160 minutes of hydration. 
The evolution starts to deviate afterwards, indicating a change of the hydration mechanism. 

The dissolution of the anhydrous phases together with the formation of the hydrates is shown in 
Figure 5.3-1 (c). The dissolution of ye’elimite corresponds well to the evolution of the conductivity. 
The formation of the hydrates follows a more complex pattern. Initially only an X-ray amorphous 
phase is formed and this phase maintains to be the dominant fraction throughout the entire 
experiment. All the studied hydrated samples were characterised after stopping the hydration by 
solvent exchange. This may have damaged the hydrates, especially at early hydration ages. The first 
XRD detectable (crystalline) hydrate after about 70 minutes of hydration is ettringite, followed by 
monosulphate and gibbsite-like aluminium hydroxide after about 200 minutes. 

Based on the sum of the given results, we defined five hydration stages and two main hydration 
reactions, which will be described in detail throughout this Chapter. A brief summary can be given as 
follow. During the first period, ye’elimite rapidly dissolves followed by the slowdown of the 
dissolution. The rise of the conductivity, pH and the measured solution concentrations follow well 
the dissolution of ye’elimite. The second period was set, during which the hydration of ye’elimite 
almost stops and only ettringite continuous to form. The third period is highlighted by the 
re-acceleration of the ye’elimite dissolution and profound changes in the solution composition, e.g. 
especially the drop of the sulphate concentration and the increase of the pH. The fourth period is 
represented by the rapid and full hydration of all anhydrous phases, which was also revealed by the 
evolution of the conductivity and pH. The fifth period is characterized by the continuous slow 
increase of the conductivity and pH as well as the crystallization of monosulphate and gibbsite-like 
aluminium hydroxide.  
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a) 

 

b) 

 

c) 

 
Figure 5.3-1 a) Conductivity [ ] and pH [ ] measurements including the spot experiments at 23 °C for w/b 40 for the 

hydrated residues; b) evolution of solution composition (spot samples), including the calculated Ca and S concentrations 
(dashed lines) derived from the Al concentration and c) normalized phase assemblage of the spot samples determined by 

QXRD and TGA analyses 

  

0 200 400 600 800 1000 1400 1450
0

1

2

3

4

Time (minutes)

C
on

du
ct

iv
ity

 (m
S/

cm
)

w/b 40

IVIIIIII V

8

9

10

11

12

pH
 (-

)

0 200 400 600 800 1000 1400 1450
0

5

10

15

20

25

30

35
 Ca
 Al
 S
 Ca theo.
 S theo.

Time (minutes)

C
on

ce
nt

ra
tio

n 
(m

m
ol

/l)

0 200 400 600 800 1000 1400 1450
0

20

40

60

80

100

Krotite
Anhydrite

Gibbsite-like AH3

Ettringite

Monosulphate

Amorphous

Time (minutes)

C
on

te
nt

 (g
/1

00
g 

cl
in

ke
r)

C4A3Š
700 minutes

* 415 minutes

160 minutes
70 minutes



Hydration reactions of synthetic ye’elimite 

 
65 

The five defined hydration stages can be summarized as follows: 

Stage I: Initial period  

Ye’elimite dissolves rapidly during the first seconds to minutes after contact with water. This is 
followed by the fast slowdown of the kinetics. No crystalline phases were detected by XRD but an 
amorphous phase was formed. HR-SEM micrographs (see section 5.4.1) reveal that the initial 
hydration products are precipitating onto the anhydrous grains (as a “layer”) and that needle-like 
ettringite is embedded in this phase. The reached degree of hydration (DoH) is approximatively 11%. 
Neither the hard burnt anhydrite nor krotite had reacted to a measureable extent. The slowdown of 
the ye’elimite dissolution occurred within seconds and before the formation of the layer. Contrary, 
the increase of the solution concentrations coincides with the slowdown.  

Stage II: Induction or Dormant period  

During this period, the content of ye’elimite remains almost unchanged, while ettringite continues to 
form slowly. The length of this period seems to be controlled by the nucleation and growth rate of 
ettringite. This causes the continuous consumption of sulphate ions from solution. Again, neither the 
hard burnt anhydrite nor krotite had reacted to a measureable extent. The sulphate concentration 
drops fast between 160 to 200 minutes. The reached DoH is about 12% after 160 minutes and 16% 
after 200 minutes, marking the end of the dormant and the onset of the acceleration period. 

Stage III: Acceleration period  

The beginning of the acceleration period is revealed by several aspects. The sulphate ion 
concentration starts to fall, whereas the pH increases, causing the acceleration of the ye’elimite 
dissolution. At the same time the formation of monosulphate and gibbsite-like aluminium hydroxide 
start to form. Additionally, the dissolution of ye’elimite as well as the formation of the hydrates 
continuously accelerates. The reached DoH is about 26% at the end of this period, which is around 
415 minutes. Both, the hard burnt anhydrite and krotite starts to react. The depletion of sulphate 
ions corresponds to the increasing pH values due to the increasing hydroxyl ion concentrations. The 
increasing pH may contribute to the acceleration of the dissolution and precipitation kinetics. 

Stage IV: Main hydration period  

The main hydration period is marked by the rapid dissolution of ye’elimite and the formation of 
monosulphate, ettringite and the X-ray amorphous phase. A DoH of about 70% is reached at the 
conductivity peak maximum. The near complete depletion of all clinker phases, i.e. DoH 100%, was 
reached at the point at which the conductivity drops to its minimum. Sulphate is not detected in 
solution, except at 530 minutes, even when ye’elimite and the hard burnt anhydrite dissolved. This 
indicates that the formation of monosulphate and ettringite proceed at a similar rate as the 
anhydrous dissolution. 

Stage V: Final period  

During this period, monosulphate and gibbsite-like aluminium hydroxide continues to form, where 
the content of ettringite and the amorphous phases decreases. This indicates that the 
recrystallization and transformation of metastable hydrates occurs. 
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 Discussion of results 5.4

 Initial and dormant period – Why does the dissolution slow down 

Figure 5.4-1a shows the evolution of the conductivity during the first five minutes of the hydration of 
Y at w/b ratios from 40 to 1000. We assumed that pure dissolution occurs at a high water to binder 
ratio such as 1000 and that the increase of the conductivity is proportional to the ion concentration 
in solution. If correct, the dissolution of Y should provide a linear increase of the conductivity. 
However, a linear increase was only observed for very short periods from 15 to 140 seconds for w/b 
40 and 1000, respectively. This indicates that the period of pure dissolution is as short as about 15 
seconds in the case of Y at w/b 40. We further tried to assess whether or not this was really a period 
of pure dissolution. For that we back-calculated the theoretical slopes based on the determined 
value at w/b 1000. The results of these calculations are shown in Figure 5.4-1b. The measured and 
calculated values start to deviate already from w/b 800, indicating that pure dissolution never 
occurred under the given conditions at lower w/b.  The deviation was even more pronounced at 
lower w/b ratios. This brings us to the following question. What causes the slowdown in the 
dissolution: hindered dissolution or precipitation? To assess the nature of the hydration reactions, 
we have chosen the w/b ratios of 40 and 100 for two main reasons: 

1) The w/b ratio of 40 presents the bridge to the experiments carried out in pastes. 
2) At w/b 100 the hydration sequences are similar to those observed at w/b 40, where the 

length of the period of the almost linear increase is extended to about 30 seconds. 
Moreover, we can investigate the impact of the w/b ratio on the ye’elimite hydration.   

a) Early period 

 

b) Calculated slopes 

 
Figure 5.4-1 Conductivity evolution of neat Y during the first 2 minutes of hydration (a) and theoretical and measured 

(double determination) slope of the dissolution rate using w/b 1000 as reference point (b) 
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The comparison of the tests done at w/b 40 and 100 are shown in Figure 5.4-2. The results 
demonstrate that the hydration follows the same reaction sequences, only with different kinetics. 
Therefore, we assume that results obtained at w/b 40 can be supplemented with the samples 
obtained at w/b 100.  

a) 

 

b) 

 
Figure 5.4-2 Comparison of the steady evolution of the conductivity, pH (a) and the concentrations measured on spot 

samples (b) of Y at w/b 40 (solid line & filled symbols) and 100 (dashed line & empty symbols); “X” represents the 
sampling points for HR-SEM and STEM-EDS analyses 

Figure 5.4-3 (logarithmic scale) presents the evolution of the conductivity and of the element 
concentrations in solution highlighting the initial and dormant period. The solution composition and 
the conductivity follow a similar trend during these periods. The solution concentration increases fast 
until 10 minutes of hydration and afterwards much slower. At the same time the dissolution of 
ye’elimite slows down or even stops (as shown in Figure 5.3-1), indicating that the reached 
concentrations affect its dissolution. We calculated the theoretical concentrations of  and  from 
the measured  concentration from the measured Al concentration by mass balance, i.e. according 
to the composition ye’elimite. The calculated ratios of ,  and  in solution are almost identical to 
the ratios in ye’elimite up to approximatively 70 minutes of hydration. This indicates that either only 
congruent dissolution occurs or that a phase is precipitating with a composition close to that of the 
dissolving ye’elimite. The hydration reaction seems to be changed from 70 to 200 minutes as the 
measured and calculated concentration does not match anymore. Additionally, the conductivity 
decreases, indicating the precipitation of hydrates. 
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Figure 5.4-3 Evolution of the conductivity (continuous measurement) and concentration (spot samples), including the 

calculated Ca and S concentrations (dashed lines) derived from the Al concentration by mass balance calculations 

We used the thermodynamic modelling, based on the measured solution concentrations, to calculate 
the saturation indices with respect to the different phases. The results are presented in Figure 5.4-4. 
Ettringite, all three aluminium hydroxide types and are instantly oversaturated. They stay 
oversaturated throughout the entire experiment except the amorphous aluminium hydroxide type, 
which becomes undersaturated after passing the main conductivity peak. Monosulphate was initially 
undersaturated and becomes oversaturated only after 10 minutes. Moreover, we see a clear shift of 
the chemical equilibria after sulphate ions got depleted from solution. At this point the aluminium 
ion concentration increases, the saturation indices of ettringite decreases, whereas that of 
monosulphate and sulphate-free calcium aluminate hydrates rises. A new equilibrium between 
monosulphate and ettringite is established, which in turn seems to control the aluminium ion 
concentration. Gypsum was undersaturated throughout the entire experiment.  

  
Figure 5.4-4 Calculated saturation indices from the respective solution concentrations measured for the spot samples; 

the following values were used in the calculations AH3 Gibbsite with log  =  1.12, AH3 Mic with log  =  0.67 both 
from [115] and AH3 am with log  = 0.24 [116]; Ms = monosulphate and Et = ettringite 
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Contrary to the predictions from thermodynamic modelling, no crystalline detectable hydrates were 
detected during the initial hydration period as shown in Figure 5.3-1 (c). Instead an X-ray amorphous 
phase was formed. We used HR-SEM and STEM-EDS to assess the type and composition of the 
initially formed hydrates for Y hydrated at w/b of 100. The higher w/b was chosen to slow down 
enough the hydration but stay as close as possible to the w/b of 40. Moreover, we took the samples 
during the same hydration periods as present at w/b 40.  

The morphological characterisation results are shown in Figure 5.4-5. As early as 30 seconds of 
hydration an instant precipitation of globules-like hydrates on the surface of the anhydrous particles 
was observed. This indicates that the released ions were not able to diffuse fast enough away from 
the dissolving ye’elimite particles. This is related to the fact, that the concentrations increased to fast 
and supersaturation of several hydrates such as amorphous aluminium hydroxide or ettringite was 
instantly reached. In addition we note that the hydration proceeded faster along grain boundaries. 
After 420 seconds of hydration almost all anhydrous particles were covered with a “layer” of 
hydrates, which appears to be composed of several phase including ettringite. The thickness of the 
layer varied between 20 and 50 nm.  

The remaining parts from the covered anhydrous particles were partly empty, indicating a 
continuous dissolution of ye’elimite. The layer of hydrates fills the space which was originally 
occupied by the anhydrous phases. Upon hydration a gap was formed between the layer and the 
anhydrous grain. This space was only marginally filled by hydrates. The presence of such “hollow 
layers” was firstly described by Hadley [222]. Similar features were observed for hydrating CSA [223] 
and OPC-CSA mixtures [86]. Once again, this indicates that the layer does not inhibit the further 
dissolution of ye’elimite. 

The results demonstrate that at no point of our experiments pure dissolution occurred (even at w/b 
of 100), which is consistent to findings shown in Figure 5.4-1.  Hence, the well matching evolution of 
the measured and calculated  and  concentrations up to about 160 minutes of hydration, 
indicates that the X-ray amorphous phase should have a bulk chemical composition close to that of 
the dissolving ye’elimite. To determine whether this is the case, the analyses were supplemented 
with STEM-EDS analyses. 

Additionally, the correlation between the rapid dissolution of an aluminium-rich anhydrous phase, 
the rapid increase of the solution concentrations and ultimately, in the instant formation of a layer or 
shell of hydrates was reported for sulphate-free calcium aluminates such as mayenite. For example, 
Raab [95] and You et al. [83] carried out experiments on crystalline, poorly crystalline and even 
amorphous mayenite. The hydration of poorly crystalline or amorphous mayenite proceeds by far 
faster compared to crystalline one. The rapid increase of the solution concentration caused the 
formation of dense layers of hydrates covering the anhydrous particles. On the contrary, the slower 
hydration crystalline mayenite resulted in the formation of well grown hydrates and particle surfaces 
which remains accessible. You et al. [83] even differentiated a dense inner layer of a gelatinous phase 
and a porous outer layer composed of a mixture of metastable  and . 
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Y at 23 °C and w/b 100 after 30 seconds of hydration 

  

  
Y at 23 °C and w/b 100 after 420 seconds of hydration 

  

  
Figure 5.4-5 Morphological characterization of the hydrated ye’elimite at 23 °C and a w/b ratio of 100 
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As for the HR-SEM analyses, the layer of hydrates was observed after 420 seconds. The structure and 
composition of the hydrates, determined by STEM-EDS, are shown in Figure 5.4-6 and Table 5.4-1. 
The composition of the hydrates layer is close to that of ye’elimite, which supports the findings of the 
solution analyses and highlights their accuracy. The present porous structure of the hydrates is most 
likely a result from the unavoidable beam damaging and dehydration throughout the sample 
preparation and analyses.  

Besides the hydrates layer, we noticed a foil-like calcium aluminate hydrate (probably ) that is 
formed in the available space. The foil-like hydrates have an atomic  /  ratio close to that of 

 (  /  = 0.50). The determined lower  /  ratio of about 0.34 indicates that the foil-like 
calcium aluminate hydrate is either intermixed with aluminium hydroxide or its composition would 
be close to , where the value of x remains unknown. Similar compositions of the foil-like 
hydrates were determined in other samples and different ages (see Table 5.4-2 in Chapter 5, Table 
7.3-1 in Chapter 7  and annex – part V). Thus we assume that the composition is representative. 

The sum of all results presented so far, indicates that the early hydration period follows the reaction 
according to Equation 2, e.g. neat ye’elimite reacts with water to form ettringite,  and 
amorphous aluminium hydroxide (see Chapter 2). It seems that the formation of this metastable 
phase assemblage is favoured by the rapid dissolution of ye’elimite and the corresponding increasing 
solution concentrations. The fast increase of the solution concentrations, especially of aluminium, 
favours the precipitation of amorphous rather than crystalline aluminium hydroxide [122] [224]. This 
effect may be enhanced by the presence of sulphate ions which are known to cause its faster 
nucleation but impeding its crystallisation [225] [226]. The amorphous type has higher solubility 
product relative to gibbsite-like type and is in equilibrium with the solution at higher aluminium ion 
concentration. This in turn enables and favours the formation of ettringite and   [121]. 

Table 5.4-1 Atomic ratios of the hydrated areas determined by STEM-EDS 

Sample 
In layer-like hydrates Number of 

measured areas   

Anhydrous Y 0.65 0.16  

100% Y after 420 seconds 0.65 0.13 18 

 In foil-like hydrates  

100% Y after 420 seconds 0.34 0.07 1 

Furthermore, the continuous formation of ettringite, e.g. such as observed during the dormant 
period, typically depends on the presence of additional calcium sulphate, which is not present in our 
case. It is possible that the hard-burnt anhydrite, sometimes referred to dead burnt or insoluble 
anhydrite, present as minor phase in the Y clinker enables the formation of ettringite. However, our 
analyses indicate that anhydrite did not react at that time and the presence of  further 
strengthens our assumption that the hydration follows the reaction stated above. The impact of hard 
burnt anhydrite was also tested initially. For that, we produced hard burnt anhydrite by tempering 
gypsum for two hours at 1100°C. Blends of ye’elimite with this anhydrite were tested by calorimetry. 
The results confirmed that had burnt anhydrite did not alter the early hydration reactions of 
ye’elimite. In addition, the dissolution rate to that of gypsum, middle (G 2 hours at 700 °C) and hard 
burnt anhydrite were compared in suspension. Hard burnt anhydrite dissolves very slowly compared 
to the two other materials (see Figure 8.8-56, Figure 8.8-61 and Figure 8.8-62; annex - part V). 
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Figure 5.4-6 STEM images (up: HAADF image and down: BF image) of ye’elimite after 7 minutes of hydration at 23 °C and 

a w/b ratio of 100; Y = anhydrous ye’elimite particles 
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Throughout the initial stage only amorphous phases were detected by XRD, which may be partly 
related to the solvent exchange procedure. Traces of ettringite were firstly detected by XRD after 70 
minutes and continue to form throughout the dormant period. Thermal analyses were made to 
supplement the XRD measurements and to potentially determine qualitatively which hydrates were 
formed. The results are shown in Figure 5.4-7. The first two samples collected after 10 and 70 
minutes of hydration, revealed a weight loss from approximatively 60 °C up to 250 °C. The phases 
known to decompose within this temperature range are  [117] [227], amorphous aluminium 
hydroxide [224] [228] and ettringite. From about 160 minutes on a right-hand shoulder peak, ranging 
from about 140 to 300 °C, starts to form and becomes relatively strong at 200 minutes. This peak 
seems to originate from the dehydration of monosulphate [229], which would indicate the onset of a 
new hydration period.  

A detailed overview about various thermogravimetric analyses of typical solids formed in 
cementitious materials can be found in the book of Scrivener et al. [230].  

 
Figure 5.4-7 Differential thermogravimetric analyses of samples hydrated at 23 °C and a w/b of 40 for samples collected 

after 10 to 200 minutes of hydration including a SEM micrograph showing a idiomorphic prismatic ettringite crystal 
detected after 160 minutes 
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 Acceleration and main period – Why does the dissolution reaccelerates 

The acceleration period starts between 160 to 200 minutes. It is marked by the restarting ye’elimite 
dissolution, the almost linear drop of the sulphate ion concentrations, the increase of the 
conductivity and the pH. The calculated and measured concentrations start to deviate profoundly. 
This indicates that the precipitation of one or more phases occur, which have a bulk chemical 
composition different to that of ye’elimite. Most likely, this relates partly to onset of the 
monosulphate and gibbsite-like aluminium hydroxide formation according to Equation 1.  

The increase of the pH coincides with the decreasing sulphate concentration and is caused by the 
increase in hydroxyl ion concentrations. At the same period of time, the consecutive rapid ye’elimite 
dissolution and monosulphate formation is initiated. Thus we assume that the rising pH favours both 
reactions. A similar accelerating effect of the pH on the hydration of ye’elimite and CSA was already 
shown for the addition of  [130] or  [231]. 

The STEM-EDS analyses of the hydrates formed during the acceleration period are shown in Figure 
5.4-6 and Table 5.4-2. The layer of hydrates and the foil-like  and ettringite were still present 
after 6 hours. In addition, well crystallized monosulphate was formed. Ettringite, monosulphate and 
the foil-like  were mainly formed in the available space. The sum of all results indicates that 
the onset of the acceleration period is triggered by the drop of the sulphate concentration and 
potentially by the rising pH. A higher pH may have further promoted the formation and stability of 
monosulphate rather than of ettringite.  

Table 5.4-2 Atomic ratios of the hydrated areas determined by STEM-EDS 

Sample 
In layer-like hydrates Number of 

measured areas   

Anhydrous Y 0.65 0.16  

100% Y 6 hours 0.60 0.15 14 

 In foil-like hydrates  

100% Y 6 hours 0.31 0.07 5 
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Figure 5.4-8 STEM images (up: HAADF image and down: BF image) of Y after 6 hours of hydration at 23 °C and a w/b ratio 

of 100; dotted red line indicates the surface of the anhydrous; Y = anhydrous ye’elimite particles 
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The formation of monosulphate, beside ettringite, accelerates measurably after 415 minutes of 
hydration by both XRD (Figure 5.3-1c) and TG analyses (Figure 5.4-9). In addition, gibbsite-like  
was first time clearly detected by XRD and TGA (from its characteristic weight loss at 290 °C). After 
about 415 minutes of hydration, ye’elimite starts to dissolve rapidly.  

This represents the onset of the main hydration period. High ettringite, monosulphate and 
amorphous phase contents were formed, reaching a maximum at 700 minutes of hydration. At the 
same time the near complete depletion of all clinker phases occurs, marking the end of the main 
hydration period. 

 
Figure 5.4-9 Differential thermogravimetric analyses of samples hydrated at 23 °C and a w/b of 40 for samples collected 

after 300 to 1440 minutes of hydration, covering the acceleration, main and final hydration period 

 Final period 

During the final period, a transformation and redistribution of hydrates is observed. The quantity of 
monosulphate and gibbsite-like aluminium hydroxide continues to rise, while the ettringite and 
amorphous content decreases. Also the ionic concentration of the solution drops as a result of the 
depletion of all anhydrous phases and continues nucleation and growth of hydrates. The saturation 
indices of all hydrates are close to zero except for the amorphous aluminium hydroxide, which 
becomes undersaturated. This indicates that the dissolution of this phase may occur, whereas the 
growth, the recrystallization and potentially transformation of other formed hydrates continues. The 
pH continuous to increase slowly which is caused by the increase of hydroxyl ion and decrease of 
aluminium concentrations.  
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 Effect of w/b on the hydration kinetics in paste 

So far, we were able to explain the general ye’elimite hydration pattern in suspension (dynamic 
experimental conditions), but the question that remains is if this knowledge can be applied to the 
paste samples (static experimental conditions). The experiments in suspension are primarily 
providing information about the development of the conductivity and pH, the ionic strength, of the 
solution. On the contrary, the experiments in paste are based on isothermal conduction calorimetry, 
providing qualitative information (non-specific measurements as it does not differentiate between 
the types of reaction) about the heat released from the dissolution and precipitation reactions.  

A special approach was used in order to evaluate the comparability of both experimental set-ups and 
to assess the effect of the w/b ratio on the hydration kinetics. Ye’elimite was gradually replaced by 
ground inert quartz filler (Qz) to increase the w/b but maintaining maximum water to solid (w/s) 
ratio of 2. One additional set of samples without quartz filler was prepared for w/b ratios from 0.5 to 
10 to check for the filler effect [232]. The composition of the formed phase assemblages is available 
in the annex part V, Figure 8.8-10 to Figure 8.8-20.  

Figure 5.4-10 compares the heat evolution for the calorimetry of the Y-Qz paste sample at w/b 40 to 
the conductivity recorded for suspensions at the same w/b. Both measurements show a similar 
sequence of effects, but at different rates. Most likely, the continuous stirring of the suspensions 
caused the acceleration of hydration. Due to the similar curve profiles, e.g. similar sequence of 
events, we concluded that the hydration mechanisms for both systems are similar.  

 
Figure 5.4-10 Comparison of Y hydrated at w/b 40 as paste and as suspension; peak I and peak II are explained below 

Figure 5.4-11 presents calorimetry results for selected w/b ratios. The hydration kinetics were slightly 
decelerated for w/b ratio 1. The addition of quartz resulted in the acceleration towards the original 
value, due to the filler effect. Higher w/b ratios generally accelerate the hydration, particularly in the 
presence of the quartz filler. Additionally, a broad (left hand) shoulder peak (labelled “Acceleration 
period” in Figure 5.4-11 (b)) was noticed in the samples prepared with high w/b ratios.  
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The general shape of the curves for Y with Qz at high w/b, is similar to that of binders composed of 
ye’elimite “ ” and calcium sulphate “ ” with a molar  /  ratio below 2 [130]. In such case, the 
main heat release peak (e.g. labelled “Main hydration peak” in Figure 5.4-11 (b)) coincides to the 
point of the sulphate depletion. This marks the onset of the rapid ye’elimite dissolution and 
formation of primarily monosulphate together with some ettringite. Consistent to our findings in 
suspensions, the hydration reaction seems to change from the formation of primarily ettringite to 
monosulphate as main sulphate-bearing hydrate. 

a) b) c) 

Figure 5.4-11 Rate of heat evolution of Y with and without quartz at several w/b ratios; the solid line depicts the neat 
clinker while the dashed line represents blends with quartz 

Figure 5.4-12 gives the calorimetry results of Y at w/b of 1, of Y with quartz (Y+Qz) at w/b of 5 and an 
idealized schematic representation of the hydration reactions determined in suspension.  

  
Figure 5.4-12 Simplified schematic representation for the rate of heat evolution for Y with and without quartz for the 

underlying reactions; blue = primarily the formation of ettringite,  and amorphous aluminium hydroxide; green = 
primarily the formation of monosulphate and gibbsite-like aluminium hydroxide 

The water to binder and water to solid ratio proves a strong impact on the hydration kinetics and on 
the formed type of hydrates. Increasing both ratios strongly promote the formation of ettringite 
together with amorphous aluminium hydroxide and  rather than monosulphate and gibbsite-
like aluminium hydroxide. This may partly relate to the availability of nucleation sites. As a result, the 
dormant period is shortened by the faster depletion of sulphate ions from solution. 
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We actually assume that the rapid dissolution of ye’elimite and in consequence the increase of the 
solution concentrations, especially of aluminium, caused the formation of the amorphous phase. This 
was potentially further promoted by increasing the water to binder ratio. A similar phenomenon was 
already reported for the hydration of krotite [233]. The rapid hydration of krotite result in the 
formation of a metastable amorphous phase (gel) which slowly crystallizes with time to poorly 
crystalline . This phase further slowly converts to katoite and gibbsite and / or bayerite. The 
transformation rate of the intermediate metastable phases accelerates by increasing the applied 
water to solid ratio [74]. Overall, the hydration kinetics of neat ye’elimite and even some of the 
hydration products is reminiscent to that of krotite ( ), despite the presence and impact of 
sulphate. 

Additionally, an endothermic reaction was sometimes measured during the first hour of hydration as 
shown in Figure 5.4-13. The intensity of the endothermic peak correlates well with the increased w/b 
ratio used and to the replacement level of binder by quartz. Based on the results presented before, 
we actually assume that the peak originates from the precipitation of the amorphous phase such as 
the aluminium hydroxide. However, it should be noted that those results are obtained, by 
normalizing the measured heat release to the amount of anhydrous binder. Quartz, used to replace 
ye’elimite and to maintain a constant w/s ratio of 2, presents the largest quantity of the investigated 
paste. The measured heat was therefore very low (close to the detection limit) at e.g. high w/b ratios 
such as 20 or 40. The normalization to per gram of anhydrous ye’elimite will therefore multiply any 
analytical contribution or error such as the baseline drift or even small temperature differences 
between the sample and the device.  

It is further important to remind the reader that all materials had the same temperature as the 
calorimeter. For example, the signal would be also endothermic in the case that the temperature of 
the materials would be lower than that of the calorimeter. However, such an artefact would cause 
only a linear increase of the signal, which was not observed in our case. The signal starts at zero 
followed by the decrease and recovery. This clearly indicates an ongoing chemical reaction.  

Figure 5.4-13 Early age rate of heat evolution of Y with and without quartz at several w/b ratios from Figure 5.4-12 
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 General discussion  5.5

 Hydration sequences 

We could derive an idealized scheme for the evolution of the hydration kinetics, solution 
composition, phase assemblages and hydration periods, based on the results obtained in suspension 
and paste. This schematic representation is shown in in Figure 5.5-1. Each stage and the underlying 
hydration reactions are described below. 

 
Figure 5.5-1 Idealized hydration scheme per gram of ye’elimite and the corresponding hydration stages 
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 Stage I: Initial period:  
o Wetting and rapid dissolution of a small quantity ye’elimite  
o Formation of mainly amorphous hydrates such as aluminium hydroxide and foil-like 

calcium aluminate hydrate (probably ) together with traces of ettringite  
o Presence of an endothermic peak for neat clinker probably from the precipitation of 

amorphous aluminium hydroxide 
o Slowdown coincides with the increase of the solution concentrations 

 Stage II: Induction or dormant period: 
o Slow or almost no dissolution of ye’elimite but continuing formation of ettringite 
o Slow but constant drop of the sulphate concentration and increase of the pH 
o The length of the dormant period correspond to the continuing slow formation of 

ettringite and the resulting decrease of mainly the sulphate ion concentration  
 Stage III: Acceleration period 

o Drop of sulphate ion concentration below a critical level 
o Faster increase of pH and aluminium ion concentration 
o (Re-) Acceleration of the  dissolution of ye’elimite 
o Onset of the monosulphate and gibbsite-like aluminium hydroxide formation  
o General acceleration of the formation of hydrates 

 Stage IV: Main hydration period including the deceleration phase 
o Rapid ye’elimite dissolution and formation of monosulphate and ettringite, 

potentially favoured by the rising pH 
o Continuous formation (± crystallisation) of gibbsite-like aluminium hydroxide 
o Depletion of all anhydrous phases 
o The duration of this period seems to depend equally on the rate of the ye’elimite 

dissolution and the formation of monosulphate and ettringite. Interestingly, the 
formation of monosulphate and ettringite seems to proceed as fast as the 
dissolution of ye’elimite, as the sulphate concentration was always below the 
detection limit 

 Stage V: Final hydration period 
o Equilibration stage during which the concentrations are low in solution and the pH 

being relatively high (e.g. around 12) 
o The transformation, (re)crystallization and growth of hydrates such as monosulphate 

and gibbsite-like aluminium hydroxide occurs 

 Why does the dissolution slow down and why does it accelerate again 

The slowdown could be potentially related to the increase of the solution concentrations, which 
could be explained by the dissolution theory from geochemistry. The degree of undersaturation is 
high directly after the addition of water. Hence, the rate of dissolution is high. Already within 
seconds after contact with water, a measureable quantity of ye’elimite dissolves, causing increasing 
the ionic concentrations in solution. Next, a slowdown of the kinetics is observed. Most likely, the 
slowdown in kinetics is caused by the increase of the solution concentrations, especially of 
aluminium and sulphate over calcium ions, which limit the further anhydrous dissolution. Ye’elimite 
is potentially in equilibrium with the given solution composition.  
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This assumption is strengthened by the fact that the slowdown of the dissolution and the 
consecutive onset of the dormant period seems to be more or less independent from the applied 
w/b ratio but correspond to the given solution composition. One important aspect that needs to be 
noted is the lack of sulphate during the main hydration period, even when ye’elimite dissolves 
rapidly, compared to the relatively high sulphate concentration during the initial and the dormant 
period. These results suggest that the precipitation of monosulphate and ettringite proceeds as fast 
as the dissolution of ye’elimite depleting instantly all liberated sulphate ions. On the contrary, during 
the dormant period the slow decrease of the sulphate concentration (no dissolution of ye’elimite 
within the method accuracy) corresponds to the slow formation of ettringite. In that respect, 
Damidot concluded in his work [234] that high aluminium ion concentrations at given calcium and 
sulphate ion concentrations could limit the nucleation rate of ettringite, as primarily the 
supersaturated domain of  and amorphous aluminium hydroxide is reached. This in turn 
should slow down the hydration kinetics but favours the growth of ettringite. This seems to be 
consistent to our findings, as demonstrated by the well crystallized ettringite formed during the 
dormant period (see Figure 5.4-7). On the contrary, ettringite formed during the acceleration and 
main period forms clusters of fine, needle-like shaped crystals (see also annex – part V, starting form 
Figure 8.8-65).  

Another cause may be the potential absorption of sulphate on reactive dissolution sites. The 
slowdown of the  dissolution rate in the presence of sulphate is caused by the absorption of 
sulphate ions on reactive dissolution sites [45] [235]. A similar mechanism may cause the slowdown 
of the ye’elimite dissolution. For example, the drop of the sulphate concentration and the resulting 
acceleration of the hydration coincide with the onset of the monosulphate formation. However, one 
should keep in mind the important differences between the hydration of ye’elimite ( ) and . 
Sulphate is a part of the crystal structure of ye’elimite and will be always released together with 
calcium and aluminium during the dissolution.  does not contain sulphate and may dissolve into a 
solution containing sulphate ions. Moreover, the dissolution of  (  /  = 1.50) liberates by far 
less aluminium and more calcium [235] compared to ye’elimite (i.e.  /  = 0.67). Hence, the 
hydration kinetics and composition of the hydrates assemblage are different. Therefore, for the time 
being it remains unclear whether this mechanism is present or not. 

Another hypothesis which may explain these experimental results is the protective layer, barrier or 
membrane theory. The rapid dissolution of ye’elimite caused the rapid increase of the solution 
concentrations and ultimately, in the instant precipitation of amorphous phases covering the 
anhydrous grains. Several authors speculated that such an amorphous layer provides a diffusion 
barrier which would slowdown the dissolution of cementitious materials [120] [236] [237] [238] 
[239]. They argued that the hydration products form less permeable membrane on the anhydrous 
particles surface, limiting the diffusion or transport of water and ions. The recrystallization or 
dissolution of the metastable phase(s) forming the layer would expose fresh anhydrous surfaces to 
the solution, which in turn would result in the reacceleration of the dissolution. We strongly doubt 
for several reasons that such a mechanism, if present at all, profoundly alter the hydration of 
ye’elimite. The slowdown of dissolution occurred after seconds and before the formation of the 
layer of hydrates. Furthermore, the formed Hadley grains prove the continuous dissolution of 
ye’elimite and the layer seems to be rather soft as it was easily damaged during the preparation of 
the HR-SEM samples. The friable nature of the layer or shell should be of high relevance for the 
experiments carried out in suspension.  
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The samples were stirred continuously at 600 r/min, which should result in the abrasion of any 
formed shell or layer. Thus, fresh surfaces should be steadily exposed no dormant period should be 
observed. However, a dormant period was still present. Hence, the layer of hydrates cannot explain 
the slowdown of the dissolution process.  

 Conclusions 5.6

This work investigated the hydration reactions and kinetics of neat stoichiometric ye’elimite. For that 
we developed a research approach to assess the hydration reactions and kinetics along two main 
axes. One set of experiments was carried out in suspension. In this setup we assessed the evolution 
of the solution composition (conductivity, pH and concentrations), the rate of the anhydrous 
dissolution and the hydrates formation as well as their composition. A second set of experiments was 
done in paste, where the impact of the water to binder and water to solid ratio was varied. By this 
we were able to identify two major hydration reactions and to define five hydration periods. The 
evolution of the solution composition, especially the sulphate ion concentration and the pH, seems 
to be the main controlling parameter, causing the slowdown or acceleration as well as the type of 
hydration reaction. Furthermore, the hydration sequences and periods detected in the suspension 
experiments were also found in the paste samples. Thus we could successfully link the results from 
experimental set-ups. This is especially of relevance, as calorimetry measurements of paste samples 
are commonly used to assess the hydration kinetics of ye’elimite based binders such as CSA or BYF.  

The experiments in paste typically show a single main hydration peak. However, this peak represents 
at least two overlapping precipitation reactions, beside the continuing dissolution of ye’elimite. The 
nucleation and growth of ettringite,  and amorphous aluminium hydroxide presents the first 
reaction and starts directly after the contact with water. It almost exclusively proceeds till the end of 
the dormant but remains throughout the acceleration and main hydration period. The steady 
formation of ettringite during the dormant period causes the depletion of sulphate ions from 
solution. This led to the increase of the pH and to the acceleration of the hydration. At the same time 
the onset of the main hydration reaction, i.e. the formation of monosulphate and gibbsite-like 
aluminium hydroxide, occurs. Increasing the w/b ratio, especially the presence of nucleation sites 
provided by the inert quartz filler, enhanced the formation of ettringite,  and amorphous 
aluminium hydroxide, causing the faster depletion of sulphate ions from solution. Thus, the onset of 
the monosulphate formation occurs earlier.  

These findings offer new insights into the hydration of ye’elimite-rich binders. The dissolution of the 
anhydrous phases, the formation of metastable hydrates and the different hydration periods could 
be successfully linked with the evolution of the solution. This knowledge could be used to improve 
the thermodynamic predictions of the hydration reactions and ultimately, the performance and 
stability of CSA and BYF concrete.   
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6 Effect of gypsum on the hydration of ye’elimite and the chemical 

shrinkage 

 

The results of this chapter will be reported in peer reviewed journal(s): 

- Cement and Concrete Research 
o Title: Chemical shrinkage of ye’elimite alone and with gypsum  

  Draft under preparation 
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This chapter presents details regarding the effect of gypsum on the hydration of ye’elimite. 
Additionally, we investigated the chemical shrinkage of ye’elimite with and without gypsum. 

It is generally accepted that the hydration of CSA cements is primarily controlled by the reaction of 
ye’elimite. The addition of calcium sulphate accelerates the hydration and modifies the phase 
assemblage, promoting the formation of ettringite rather than of monosulphate [114] [121]. In 
addition, earlier studies have shown that the hydration kinetics for stoichiometric and iron-rich 
ye’elimite are similar when calcium sulphate is added [38] [39]. The objective of the first part of the 
chapter is to characterise and understand the effect of gypsum on the hydration of stoichiometric 
and solid solution ye’elimite. We followed the same experimental approach as presented in Chapter 
5, for the characterisation of the hydration reactions and periods. 

The second part of the chapter focuses on the characterisation of the chemical shrinkage evolution 
of ye’elimite. We tried to relate the chemical shrinkage evolution to the formed phase assemblage. 
The measurement of the chemical shrinkage enables simultaneously the investigation of the 
hydration kinetics as well as of the overall volume changes in the system. This is because water 
molecules present in liquid water occupy more space than those bound in hydrates. For that we 
selected two systems, neat ye’elimite and a ye’elimite with the addition of gypsum (22% gypsum). 
We chose these two binders as they represent simplified references for complex CSA cement types. 
The chemical shrinkage measurements were supplemented by TGA, QXRD and SEM-EDS analyses. 
Finally, we combined the experimental results from chemical shrinkage measurements with those of 
TGA and QXRD analyses to carry out mass and volume balance calculations to assess the composition 
of the amorphous phase. 

 Summary of experiments carried out in Chapter 6 6.1

The effect of gypsum and of the water to binder (w/b) ratio on the hydration was investigated using 
a binder composed of 78% Y (from S3 series) or Fe-Y (from S3 series) with 22% gypsum (G). The 
experiments which were carried out are summarised in Table 5.1-1. The results which are not 
explicitly shown in this chapter can be found in the annex – part V. 

Table 6.1-1 Experimental matrix; Qz = quartz 

  Paste (+ Qz) Paste Suspension 
  w/b 0.5 - 40 w/b 2 w/b 100 

Calorimetry Continuous measurement 
0 - 48 h 

x x  

Chemical shrinkage 0 - 28 d  x  

QXRD + TGA Single sample at the end x  x 
Samples taken during 28 d  x  

Mass (+ volume) 
balance calculations All x x x 

Conductivity  
and pH 

Continuous measurement 
0 - 24 h 

  x 

ICP-OES Samples taken during 24 h   x 
SEM-EDS Samples taken during 28 d  x  
HR-SEM Samples taken during 7 min   X 

STEM-EDS Samples taken during 6 h   X 
Modelling Samples taken during 24 h   x 
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 Effect of gypsum on the hydration of ye’elimite 6.2

 Effect of gypsum on the hydration kinetics 

Figure 6.2-1 shows the isothermal conduction calorimetry results for neat Y, neat Fe-Y and of both 
clinkers with additional gypsum. The instant dissolution of gypsum liberates extra calcium and 
sulphate to solution, causing the instant oversaturation and precipitation of ettringite [39] [128]. The 
hydration slows down after the initial stage reaching a dormant period in all four samples. The 
duration of this dormant period can vary significantly depending on the binder type used. Figure 
6.2-1 demonstrates that Y and Fe-Y have different kinetics, whereas the binders with gypsum reveal 
similar kinetics and sequences, independent on the ye’elimite type used. Moreover, the duration of 
the dormant period is shortened and the heat flow maintains at a higher level compared to the neat 
clinkers. The origin of the onset, duration and end of the dormant period as well as of the higher heat 
release will be presented in the following sections. The origin of the endothermic peak in the case of 
neat clinkers is related to the precipitation of amorphous phases such as aluminium hydroxide (as 
discussed in Chapter 5). This endothermic peak is absent in the samples containing gypsum, 
indicating that the formation of ettringite, which is exothermic, overlaps and covers this reaction.  

First 2 hours Full range 

 

Figure 6.2-1 Rate of heat evolution and cumulative heat of neat Y, Fe-Y and both with gypsum at a w/b 2  

 Effect of water to solid ratio 

Figure 6.2-2 shows the rate of heat evolution and the cumulative heat of Fe-Y+G at all tested w/b 
ratios. In these series of experiments Fe-Y was used instead of Y, due to the lack of available Y clinker. 
This was possible as both materials show very similar hydration kinetics and sequences. An increased 
w/b and w/s ratio accelerates the hydration kinetics. The first exothermic (at low w/b) or 
endothermic (at high w/b) peak occurred at around 1 to 3 hours of hydration. Even at high w/b 
supersaturation of amorphous aluminium hydroxide is instantly reached and its nucleation (which is 
probably endothermic) occurs. It follows the dormant period. A second maximum appears with 
increasing w/b ratios. This represents the point of sulphate depletion and the onset of monosulphate 
formation [130]. For water to binder ratio above 7.5, the peaks start to merge again with further 
increasing w/b ratios, where only a single one was left at w/b 40. Based on the findings presented in 
Chapter 5, we assume that the high w/b and the presence nucleation sites promote the nucleation of 
ettringite. Moreover, the increase of the water to binder ratio led to the increase of the cumulative 
heat release, which corresponds to the higher hydration degree (Chapter 5).  
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First 2 hours Full range 

 

 

Figure 6.2-2 Rate of heat evolution and cumulative heat of 78% Fe-Y with 22% G at varying w/b but fix w/s ratio of 2; the 
solid line depicts the neat cement while the dashed line represents blends with quartz 

We presented in Chapter 1, Figure 1.4-2 (b) the isothermal conduction calorimetry results of several 
BYF and CSA cements. We further plotted that of synthetic Y with various additions labelled “X” and 
“Z”. Figure 6.2-3 presents the updated graph. We could relatively well simulate the complex 
hydration pattern of industrial BYF cement, by blending Fe-Y with gypsum and quartz. By substituting 
a part of the binder with inert quartz filler we reach the same effective water to ye’elimite ratio as in 
the BYF cement. It is plausible that e.g. belite has a similar role in BYF at the early hydration. 

 
Figure 6.2-3 Rate of heat evolution of a BYF cement, Y and blends of 78% Fe-Y with 22% gypsum (G) and quartz (Q) 
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 Experiments in suspensions 

Figure 6.2-4 presents the evolution of the conductivity and pH in suspension at w/b of 100. During 
the first minutes of hydration, both Y+G and Fe-Y+G show a relatively similar evolution in terms of pH 
and conductivity. Initially a steep increase of the conductivity and the pH is present and lasts until 4 
minutes for (Fe-Y+G) and 10 minutes for (Y+G). During this period slightly higher values for calcium 
and aluminium ions are reached for Fe-Y+G. No clear distinction between hydration periods was 
possible, e.g. as done for neat clinker, by the evolution of the conductivity or pH. This is due to the 
rapid dissolution of some gypsum, where the remaining one presents a calcium and sulphate buffer, 
keeping both concentrations high in solution. The fall of the conductivity and rise of pH presents the 
point of the depletion of solid gypsum. The small hump marks the continuing ye’elimite dissolution. 

a) 

 

b) 

 

c) 

 
Figure 6.2-4 Evolution of the conductivity (a), pH (b) and solution concentration (c) of Y, Fe-Y, Y+G and Fe-Y+G at w/b 100 
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Another possibility to plot the results is in logarithmic scale, which enables the better assessment of 
the early hydration period. This is shown in Figure 6.2-5 for the conductivity and the concentrations 
in solution. We note that the concentrations of calcium and sulphate are by far higher and of 
aluminium lower in the presence of gypsum compared to the concentrations measured during the 
hydration of neat Y (Chapter 5). After the maximum is reached, there is a steady slow decrease of all 
concentrations. We assume this is caused by the simulations steady dissolution of primarily gypsum 
(with some ye’elimite), buffering the steady nucleation and growth of ettringite and aluminium 
hydroxide. This is indicated by the stronger decrease of the aluminium ion concentration compared 
to those of calcium and sulphate. The sharp drop of the calcium and sulphate at about 300 minutes 
represents the point of the gypsum depletion, which coincides with the continuing ye’elimite 
dissolution and the onset of the monosulphate formation. The pH increases due to the higher 
hydroxyl ion concentrations to maintain electron neutrality, i.e. establishing equilibrium conditions.  

 
Figure 6.2-5 Evolution of the conductivity and of the solution composition for Y+G (dashed line and empty symbols) and 

Fe-Y+G (solid line and symbols) at w/b 100; Fe was always below the detection limit 

Figure 6.2-6 shows a plot of the measured solution concentrations and the hydrates solubility lines at 
two selected sulphate concentrations. The chosen sulphate concentrations are representative for the 
measured ones at different hydration ages. Instantly, a high calcium and sulphate concentration is 
reached, whereas the aluminium ion concentration is “suppressed” compared to the results obtained 
for neat ye’elimite. For example, the  ratio in solution measured for neat Y as well as Fe-Y 
were always about 0.7 to 0.8 during the initial until main hydration period, and reached about 1.1 to 
1.2 at the end of the experiment. On the contrary, the  ratio in solution for Y-G and Fe-Y+G 
varied initially from 2.5 to 4, maintain relatively stable around 1.8 to 2.2 during the main hydration 
period and reached values of about 1.1 to 1.2 only after the gypsum depletion. The alumina 
concentrations seems to be constrained to lower levels compared to neat Y, corresponding to the 
formation of ettringite. This is consistent with our findings, showing that the measured solution 
concentrations are located around the solubility curve of ettringite at the given sulphate 
concentrations and move along until about 300 minutes. At this stage the depletion solid gypsum 
occurs, which provided the initial calcium and sulphate buffer to the solution.  
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Once gypsum is depleted and the sulphate ion concentrations fall to zero, a new chemical 
equilibrium between ettringite and monosulphate is reached, e.g. explaining also the increase of the 
aluminium ion concentration. From that point on, the hydration follows the same evolution as that of 
the neat ye’elimite, i.e. points are located in the stability field between  and ettringite.  

 

 

Figure 6.2-6 Solubility curves at 25 °C for the system  at fix sulphate concentrations of 
5 mM/l (a) and 15 mM/l (b) and measured concentrations of  Y+G and  Fe-Y+G at w/b 100 

 Formed hydrates  

The quantitative phase composition, determined by QXRD and TGA analysis of dried powders (after 
the solvent exchange), for the hydrated neat Y, Fe-Y and with gypsum at a w/b ratio of 100 is shown 
in Figure 6.2-7a. It should be noted that the applied solvent exchange protocol can damage the 
hydrates such as ettringite or monosulphate. Both these techniques would result in an increase of 
the amorphous content. The nature and the quantity of hydrates formed after 24 hours of hydration 
is almost identical for both samples containing gypsum. Ettringite is the main XRD detectable hydrate 
formed. Additionally, traces of poorly crystalline gibbsite were also observed. For the plain hydrated 
clinker samples there is an almost equal mix of XRD detectable ettringite and monosulphate formed. 
Figure 6.2-7b gives the correlation between the amount of amorphous phases formed after 24 hours 
of hydration and the specific surface area of the anhydrous materials. We note that the hydrated 
samples including iron have a higher quantity of amorphous phases formed which corresponds to a 
higher specific surface area. It remains unknown what causes this. However, this can be an artefact 
related to the experimental techniques used during the sample preparation. However, for reasons 
discussed in what follows, we assume that this is at least partly related to the presence of iron. 
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a) b) 

  
Figure 6.2-7 Hydrates formed after 24 hours of hydration at w/b 100 and bound water (BW) content for neat ye’elimite 

clinkers and with the addiiton of gypsum; Et = ettringite and Ms = monosulphate 

The results of the thermogravimetric analyses for the hydrated Y, Fe-Y with and without the addition 
of gypsum at a w/b ratio of 100 are shown in Figure 6.2-8. The curves are almost identical for Y+G 
and Fe-Y+G, which further indicate the positive impact of gypsum not only on the hydration kinetics 
but also on the formed hydrates. In the presence of gypsum, ettringite forms as the main hydrate. 
This is consistent with the XRD findings. In addition, traces of monosulphate and aluminium 
hydroxide were also identified.  

a) b) 

  
Figure 6.2-8 Formed hydrates after 24 hours at w/b 100 and bound water content; Et = ettringite and Ms = monosulphate 
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Figure 6.2-9 gives a fragment of the diffraction pattern of hydrated binders after 24 hours of reaction 
at w/b of 100. The slightly higher background for the Fe-Y-based samples is related to the iron 
fluorescence, resulting from the interaction with the used copper X-ray source. STM-EDS analyses 
demonstrate that iron is incorporated into ettringite and monosulphate (see section 6.2.5 below) 
However, no measureable peak shift, which would indicate the potential substitution of aluminium 
by iron in the crystal structures of ettringite or monosulphate, was observed in any of the hydrated 
samples. But we note the presence of measurably higher quantities of monosulphate in a lower 
hydration state stabilized as 10.5 Ms for the hydrated Fe-Y sample compared to Y. This points to a 
higher sensitivity of the iron-containing solid solution monosulphate to the applied solvent exchange 
procedure. On the contrary, almost identical patterns are observed in the binders containing gypsum 
with ettringite being the dominant hydrate. This indicates, together with the STM-EDS analyses, that 
the impact of iron on the crystallinity and stability is less strong for ettringite compared to 
monosulphate. 

 

 
Figure 6.2-9 Fragmented diffraction pattern of hydrated binders after 24 hours of reaction at w/b 100, measurements of 

dry powders after solvent exchange  
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 Hydrates structure and composition 

Figure 6.2-10 to Figure 6.2-12 shows HR-SEM and STEM micrographs of Y+G hydrated for 30 seconds, 
7 minutes and 4 hours at w/b 100. Additional results for Fe-Y+G samples are available in the annex – 
part V (see to Figure 8.8-42 to Figure 8.8-44). HR-SEM micrographs of the hydrated ye’elimite 
particles reveal clear evidence of the ongoing ye’elimite dissolution already after 30 seconds of 
hydration. The dissolution sites remind etch pitches reported for hydrating tricalcium silicate ( ) 
[40] [107]. Comparing the extent of the dissolution of ye’elimite in Y+G and the coverage with 
hydrates to that of neat Y (as shown in Chapter 5) at given hydration times, it seems that gypsum 
reduces the dissolution rate of ye’elimite during the first seconds and minutes of hydration. The 
formation of clusters of globules-like hydrates is observed, whereby the majority of the available 
surface of the anhydrous particles is not yet covered. This is still the case even after 7 minutes of 
hydration. Ettringite is already formed after 30 seconds of hydration and continues to form and grow 
afterwards. Ettringite is always intermixed with the globules-like hydrates, which is probably 
aluminium hydroxide. These intermixed hydrates start to form even some bigger clusters. 

In accordance with the HR-SEM, STEM-EDS analyses of the Y+G samples (Fe-Y+G in annex – part V) 
were carried out. The analyses reveal that a layer of hydrates is already present after 7 minutes of 
hydration. Ettringite is mainly embedded within this layer. As for the neat Y, the layer of hydrates 
seems not to hinder the continuing hydration, as indicated by the presented in Figure 6.2-4. In 
addition, the space between the shell and anhydrous grain is more filled with hydrates compared to 
the samples of neat Y. Table 6.2-1 presents the bulk composition of the formed hydrates layer 
determined by STEM-EDS. The layer of hydrates has a composition close to that of the used 
anhydrous ye’elimite, which is surprisingly very similar to the composition derived for those present 
in the hydrated neat Y. Again, the porous structure of the hydrates is very probable a result of the 
unavoidable beam damaging, i.e. dehydration, occurring throughout the sample preparation and 
analyses.  

A profoundly altered composition of the shell-like product was found for the Fe-Y+G samples. The 
layer is profoundly enriched in iron, whereas aluminium seems to be “leached” after 7 minutes of 
hydration. This effect is less pronounced in the sample hydrated for 3 hours. We assume that the 
continuing hydration of ye’elimite and the formation of additional hydrates “dilute” this effect. 

Table 6.2-1 Atomic ratios of the hydrated areas determined by STEM-EDS in the Y+G and Fe-Y+G sample 

Sample 
In layer-like hydrates Number of 

measured areas    

Anhydrous Y 0.65 0.16 0.005  

Y+G 7 minutes 0.62 0.14 0.02 33 

Y+G 4 hours 0.69 0.19 0.02 29 

Anhydrous Fe-Y 0.69 0.16 0.07  

Fe-Y+G 7 minutes 0.97 0.21 0.49 32 

Fe-Y+G 3 hours 0.70 0.17 0.16 30 
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Y+G at 23 °C and w/b 100 after 30 seconds of hydration 

  

  
Y+G at 23 °C and w/b 100 after 420 seconds of hydration 

  

  
Figure 6.2-10 Morphological characterization of the hydrated ye’elimite at 23 °C and a w/b ratio of 100 
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Figure 6.2-11 STEM images (up: HAADF image and down: BF image) of Y+G after 7 minutes of hydration at 23 °C and a 

w/b ratio of 100; Y = anhydrous ye’elimite particles; hydrates = mix of phases including ettringite  
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Figure 6.2-12 STEM images (up: HAADF image and down: BF image) of Y+G after 4 hours of hydration at 23 °C and a w/b 

ratio of 100; Y = anhydrous ye’elimite particles; hydrates = mix of phases including ettringite 
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 Discussion 

Considering the results obtained above, several aspects regarding the hydration kinetics need to be 
pointed out. First, the presence of gypsum clearly leads to similar hydration sequences and hydration 
kinetics in paste, independent of the composition and modi�cation of the ye'elimite. The 
experiments in suspension showed that gypsum dissolves rapidly, causing high concentrations of 
calcium and sulphate ions, whereas the aluminium ion concentration is relatively low compared to 
the neat ye’elimite clinker (see Chapter 5). As a result, ettringite is instantly highly oversaturated 
which favours its instant precipitation. Consequently, the aluminium ion concentration stays low in 
solution. The evolutions of the calcium and sulphate ion concentrations are buffered by the steady 
dissolution of primarily solid gypsum 8together with some ye’elimite). This means that all ions 
consumed by the reaction to form e.g. ettringite are replaced by the dissolution of an equivalent 
amount of anhydrous phases. In general, the evolution of the solution concentrations indicates that 
precipitation of ettringite continues as long as the high calcium and sulphate ion concentrations are 
maintained. On the contrary, the aluminium ion concentration steadily decreases throughout the 
“dormant” period until 300 minutes of hydration, highlighting the slower ye’elimite dissolution. The 
following sharp drop of the calcium and sulphate ion concertation marks the point of the solid 
gypsum depletion and coincides with the increase of the pH. The following short increase of the 
aluminium concentration indicates the ongoing (maybe accelerating) ye’elimite dissolution. A new 
chemical equilibrium between ettringite and monosulphate is reached.  

By linking these findings to the experiments in paste, we conclude that the higher heat release during 
the dormant period is caused by the steady dissolution of ye’elimite and gypsum and simultaneously, 
the nucleation and growth of ettringite. Similar results for the hydration sequences and the 
formation of hydrates were reported in the literature [39] [114] [130] for synthetic ye’elimite and 
commercial CSA cements. The distinction between different hydration periods, as done for neat 
ye’elimite (Chapter 5), was not possible as the solution composition is buffered by the steady 
dissolution gypsum (+ ye’elimite). Increasing w/b - w/s ratios and the addition gypsum promote the 
steady nucleation and growth of ettringite. Thus, the steady consumption of ions from solution 
provides the driving force for the continuing and fast dissolution of the anhydrous phases. Those 
results are supported by the findings of Jansen et al. [240]. The authors showed that the presence of 
filler generally enhances the rate of the ettringite formation. In addition, he showed that the 
formation slows down but continues during the dormant period. Once the sulphate is depleted from 
the system (i.e. the solid gypsum and the sulphate ions in solution), monosulphate starts to form 
rapidly. For our case, this corresponds to the second heat peak release from the calorimetric curves. 
However, Jansen et al. [240] have shown that this peak can be present even if the amount of gypsum 
should be sufficient to form exclusively ettringite during all hydration stages. The second peak was 
not related to the formation of monosulphate, but “secondary” ettringite, even if gypsum has been 
already depleted. The time gap observed between the release of sulphate, from gypsum and 
ye’elimite dissolution, and the formation of the required quantities of ettringite able to bind the 
released sulphate can be explained by the presence of a metastable amorphous aluminium 
hydroxide. Jansen et al. [240] have shown that the recrystallization or transformation of the 
amorphous aluminium hydroxide resulted in the release of bound water and potentially of ab- or 
adsorbed sulphate. This led to a “secondary” formation of ettringite.  
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Our HR-SEM and STEM-EDS analyses of hydrated Y in the presence of gypsum indicate that the 
dissolution rate of ye’elimite is slowed down during the initial hydration period. However, as for neat 
Y a layer of hydrates was found with a bulk chemical composition close to that of the used anhydrous 
ye’elimite type. The formation of ettringite indicate that the hydration that the hydration follows the 
expected hydration path, i.e. ye’elimite react with gypsum and water to form ettringite and 
aluminium hydroxide. Contrary to the hydration of neat Y, we did not observe the formation of a foil-
like calcium aluminate hydrate ( ) as long gypsum was present. In general, the lower reached 
aluminium concentration together with the higher calcium and sulphate ion concertation favours the 
formation of ettringite and aluminium hydroxide, whereas the formation of  and potentially 
amorphous aluminium hydroxide is reduced or even suppressed.  

The low mobility of iron in the solution caused its instant precipitation and a strong enrichment in 
the initial hydrates layer, in the case of hydrating Fe-Y. It is probably that the instant precipitation of 
such an iron-rich layer, which also contains some aluminium, calcium and sulphate alter the solution 
composition and potentially provides additional nucleation sites. This in turn may partly contribute to 
the observed slightly faster hydration kinetics of Fe-Y+G compared to Y+G. However, the formed 
microstructure and type of formed hydrates is almost identical in both samples, independent of the 
ye’elimite type used. This demonstrates that it is possible to formulate cements with similar 
hydration kinetics and microstructural features by the addition of gypsum. The effect that is caused 
by the presence of iron can be mitigated or even suppressed. Moreover, this highlights the need to 
determine and understand the underlying hydration reactions.  

 Chemical shrinkage of ye’elimite alone and with gypsum 6.3

Figure 6.3-1 gives the measured and calculated chemical shrinkage progression of Y and Y+G. The 
evolution of the chemical shrinkage indicates a faster hydration for Y+G compared to Y, which is 
consistent with the isothermal conduction calorimetry data. The nearly complete hydration of Y was 
reached after 2 days, while Y+G has reached similar hydration degree already after 1 day. We 
continued the chemical shrinkage measurements up to 28 days. The results revealed a transient 
decrease or “expansion” at around 5 days for Y+G and at 11 days for Y. The addition of gypsum shifts 
the expansion to earlier periods and reduces its level profoundly. In order to understand the 
underlying phenomena, we calculated the evolution of the chemical shrinkage based on the degree 
of hydration “DoH” (see section 6.3.1) and assuming the hydration reaction according to Equation 1 
for Y and Equation 2 for Y+G (equations provided in Chapter 2). The densities of phases used for the 
mass and volume balance calculations are summarized in Table 6.3-1.  

Table 6.3-1 Density of the phases used for the calculations 

Phase 
Density 
g/cm³ 

Reference  Phase 
Density 
g/cm³ 

Reference 

Ye’elimite 2.607 [241]  Ettringite 1.778 [241] 
Mayenite 2.690 [73]  Monosulphate Ms14H 1.986 [242] 
Krotite 2.980 [73]  Monosulphate Ms12H 2.008 [242] 

Grossite 2.860 [73]  
Monocalcium aluminate  
Decahydrate 

1.720 [73] 

Anhydrite 2.968 [241]  Gibbsite 2.421 [241] 
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The level of the calculated chemical shrinkage matches the experimental data. The calculated 
chemical shrinkage continuously increases as it is direct proportional to the hydration degree. Hence, 
this cannot explain the non-monotonous development observed experimentally. The transitory 
chemical expansion was followed by a recovery period when the shrinkage increased reaching higher 
values compared to the initial ones. The recovery of the shrinkage suggests that the hydration 
continued and / or a phase assemblage with higher density developed over time.  

 
Figure 6.3-1 Measured and calculated chemical shrinkage, according to stoichiometric reactions, for Y and Y+G at w/b 2; 

the standard deviation between 5 samples was in average about 0.003 cm³/g 

 Hydrates formed and bound water content 

The quantitative phase assemblage evolution determined by QXRD for ye’elimite hydrated at w/b 2 
with (a) and without (b) the addition of gypsum is presented in Figure 6.3-2. It is important to note 
that traces of ye’elimite were detectable in both samples until 28 days of hydration, even at the 
applied w/b of 2. In contrast to the chemical shrinkage investigations for which the measurements 
were initiated after 1 hour after mixing, the QXRD and TGA analyses were started after 15 minutes. 
Already at this period of time, about 2% of ye’elimite was dissolved in the case of Y and about 6% of 
ye’elimite in the case Y+G. This means that the level of chemical shrinkage is slightly underestimated. 
No crystalline hydrates were detected by means of XRD but instead an amorphous material. It should 
be noted again that the applied solvent exchange protocol may cause some damage to the hydrates 
such as ettringite or monosulphate, resulting in their (partial) amorphisation. During the first 24 
hours, the plain Y reached a DoH of 30% compared to almost 100% for Y+G. The main hydration 
products in Y were crystalline detectable hydrates such as ettringite, monosulphate and an 
amorphous phase. For Y+G it was almost exclusively ettringite and an amorphous phase. We derived 
the theoretical composition (dashed bars) of the fully hydrated binder by mass balance calculations. 
The content of ettringite is always close to the expected value. The detected quantities of 
monosulphate and aluminium hydroxide are by far lower, but reach in sum with the amorphous 
phase the expected level. This indicates the accuracy of the Rietveld analyses.  
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a) b) 

  
Figure 6.3-2 Hydrates assemblages of Y (a) and Y+G (b) at various hydration ages;  stands for the sum of quantified 

gibbsite and bayerite, Ms = monosulphate; the assumed relative error for each phase is about ±5%. 

Almost full hydration of Y was reached for after 2 days of hydration. Monosulphate was the main 
crystalline hydrate, followed by ettringite and traces of crystalline aluminium hydroxide (gibbsite and 
bayerite). The quantities of crystalline hydrates remained unchanged till about 7 to 11 days, during 
which primarily the monosulphate and amorphous phase contents vary. In contrast to the neat Y, the 
sample Y+G reached nearly complete hydration already after 1 day, with ettringite being the main 
crystalline detectable hydrate. The formation of monosulphate and primarily gibbsite-like aluminium 
hydroxide was only detected after 5 days. The content of ettringite remained almost constant up to 
365 days, where the quantity of monosulphate and crystalline aluminium hydroxide almost doubled 
at the expense of the amorphous fraction. As stated before, the solvent exchange protocol can 
damage the hydrates such as ettringite or monosulphate [182]. Figure 6.3-3 presents a comparison of 
a fresh (untreated) slice and of a stopped powder.  

 
1* Spotiness of the (010) reflection  

Figure 6.3-3 Fragmented diffraction patterns of hydrated Y as fresh slice or powder, after the solvent exchange, after 48 
hours of reaction at w/b 2; Ms = monosulphate in a hydration state of 12 (12H) or 14 (14H) [242]  
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The diffractograms show that the hydration state of monosulphate is altered by the solvent exchange 
method, where the other hydrates such as ettringite or aluminium hydroxide are only slightly 
changed. The higher intensity of the (010) reflection labelled “1*” of ettringite is related to the 
spottiness of the sample, e.g. the face of a large ettringite crystal exposed to the surface. All other 
reflections are almost identical by means of shape and intensity. Thus the quantification results are 
very similar for both samples. The detected ettringite and aluminium hydroxide contents were 
slightly reduced by about 5%, whereas the amount of monosulphate decreased by about 10%.  

The evolution of the bound water (BW) content of both ye’elimite samples are shown in Figure 6.3-4. 
Plain Y reaches a maximum BW content of about 38.7% at 7 days. This is followed by a drop to 36.3% 
(difference of about 6%) and then it continuously increases d until the end of the experiment. The 
sample Y+G reaches the highest BW content of around 42.2% at 1 day, followed by a drop to 41.1% 
(difference of about 3%) and a continuous increase until the end of the experiment. The timing of the 
observed decrease of the BW content correlates with that of the measured chemical expansion.  

 
Figure 6.3-4 Evolution of bound water (BW) water per g of binder of Y  and Y+G O represent the measured weight loss 
of the samples after finalisation of the respective chemical shrinkage measurement, i.e. 28 days (see also Figure 6.3-5) 

Figure 6.3-5 presents the results of the TGA analyses for Y and Y+G at several hydration ages. 
Consistent to QXRD, we determined a mix of ettringite, monosulphate and gibbsite-like as well as 
amorphous aluminium hydroxide. In the case of Y+G, the hydrate assemblage consists almost 
entirely of ettringite with only traces of monosulphate and gibbsite-like aluminium hydroxide. 
Moreover, a shift of the ettringite peak maximum to higher decomposition temperatures is present, 
whereas the onset temperature remains the same. This is a result of the higher amounts of ettringite 
present. It is important to note that by SEM-EDS we further identified  in both samples. This 
phase decomposes over the same temperature range as ettringite [117] [227]. The decomposition of 
amorphous aluminium hydroxide covers an even broader range [224] [228] [243], starting from 60 °C 
to 100 °C.  
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Y at different ages Y+G at several ages 

  
Figure 6.3-5 Differential thermogravimetric analysis (top) and mass loss (bottom) of Y and Y+G at several hydration ages; 

 = amorphous aluminium hydroxide, hydration state of monosulphate with 12 or 10.5 water (H) 

 SEM-EDS analyses of hydrated samples 

Figure 6.3-6 shows SEM micrographs of hydrated Y and Y+G samples after 28 days of hydration. The 
micrographs reveal a dense microstructure, with hydrates completely filling the space even at w/b 2. 
Some anhydrous ye’elimite can be identified (bright areas). This is consistent to the XRD results. 
Additionally, some cracks were identified. The cracking is caused by the drying of the sample and the 
high vacuum used during the SEM-EDS analyses. We could distinguish two different fractions of 
hydrates, based on the two different areas identified. One is showing a bright grey level and the 
other one a dark grey level. This is consistent to other SEM studies on ye’elimite [129] and CSA [114]. 

Atomic ratio plots of the hydrated samples at several hydration ages are presented in Figure 6.3-7. 
Most points originate from mixtures of phases within the interaction volume rather than single 
phases. The plots indicate the presence of ettringite, monosulphate and aluminium hydroxide, which 
is consistent with the QXRD and TGA analyses. The presence of  was also supported by the 
SEM-EDS results. Based on the results, the bright grey level areas represents a mix of ettringite, 
monosulphate and , intermixed with some aluminium hydroxide. The dark grey level area 
corresponds mainly to the aluminium hydroxide. Almost all measurement showed the presence of 
sulphur and occasionally of calcium in the aluminium hydroxide. This supports the reported affinity 
between aluminium hydroxide and sulphate.  

The micrographs show a “better” separation of the bright and the dark grey level areas, indicating 
the separation between aluminium hydroxides and the other hydrates. Furthermore, it is also 
plausible that the high sulphate concentration originating in the gypsum dissolution, caused the 
formation of an aluminium hydroxide solid solution that contains sulphur. 
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Y  Y+G  

  

  
Figure 6.3-6 BSE micrograph of hydrated Y and Y+G after 28 days of hydration at w/b of 2; Et = ettringite, Ms= 

monosulphate, shell = layer of formed hydrates 

Light grey level area Dark grey level are 

  
Figure 6.3-7 S/Ca over Al/Ca atomic-% ratios of the hydrated Y and Y+G; * = S/Ca threshold ~ 0.10 

0 1 2 3
0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3
0.0

0.2

0.4

0.6

0.8

1.0

C2AH8
C4AŠH12

C6AŠ3H32

C3AH6

 

A
to

m
ic

 ra
tio

 S
 / 

C
a 

(-
)

 7d
 11d
 28d

Y

C4A3Š

CAH10

mix 

Y+G

 

A
to

m
ic

 ra
tio

 S
 / 

C
a 

(-)

Atomic ratio Al / Ca (-)

 1d
 5d
 28d

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

C2AH8

AH3

CAH10

 

A
to

m
ic

 ra
tio

 S
 / 

C
a 

(-
)  7d

 11d
 28d

C4A3Š

 

A
to

m
ic

 ra
tio

 S
 / 

C
a 

(-
)

Atomic ratio Ca / Al (-)

 1d
 5d
 28d

*



Effect of gypsum on the hydration of ye’elimite and the chemical shrinkage 

 
105 

 Mass and volume balance calculations 

To assess the chemical composition of the hydrate assemblage mass balance calculations based on 
TGA (bound and free water content) and QXRD data (quantity of crystalline phases and the 
amorphous fraction) were carried out. It is important to note that a part of the crystalline hydrates 
such as ettringite and monosulphate were damaged by the solvent exchange procedure during the 
sample preparation for TGA and XRD analysis. But the extent of the detected damage remains 
unknown. 

The results indicated that the amounts of calcium and sulphur present in the amorphous phase were 
stable throughout the whole period considered for our experiments. The quantity of aluminium 
exhibit a minor but continuous drop and the water content varied significantly. Next, we calculated 
the density of the amorphous phase. This was done by assuming the formation of monosulphate for 
Y and ettringite for Y+G together with aluminium hydroxide and . We have selected 
monosulphate or ettringite for Y and Y+G as those hydrates present the dominant crystalline phase in 
the respective binder. The calculations were carried out done using two approaches:  

 First, by back-calculating the density of the amorphous phase from the measured chemical 
shrinkage ( ) and based on the amounts of phases determined by QXRD-TGA. For that we 
sued the densities given in Table 6.3-1. An average value, e.g. fitting best at all sample ages, 
for the density of amorphous aluminium hydroxide  was calculated. 

 Secondly, by forward-calculating the density based on the predicted mineralogical 
composition of the amorphous phase. In this second approach, the density of the amorphous 

 ( ) was different among each sample and corresponded to the lowest 
value between the predicted and measured chemical shrinkage for all ages. 

Table 6.3-2 shows the calculated densities of the amorphous phase at each hydration age,  and 
the best fitting calculated average density of . The results provide, within the error of 
the applied methodology, similar density values for the amorphous phase. This indicates the 
consistency between the measured (chemical shrinkage and quantitative hydrates assemblage) and 
predicted data (mass and volume balance calculations).  

Table 6.3-2 Calculated density (g/cm³) of the X-ray amorphous fraction X from the measured chemical shrinkage ( ) 
and the determined hydrates assemblage composition ( ) 

 Y 
 1 d 2 d 7 d 10 d 11 d 28 d 

 
1.79 2.01 2.03 2.25 2.22 2.00 

With  2.55 g/cm³ 

 
2.03 2.04 2.04 2.09 2.13 2.01 

With varying  
 Y+G 

 
 1 d 5 d 28 d 365 d 

 
1.79 1.84 1.81 -- 

With  1.94 g/cm³ 

 
1.79 1.75 1.82 1.82 

With varying   

Most likely, the amorphous phase for Y is a mix of aluminium hydroxide and monosulphate which 
would explain the relative high calculated density of  of about 2.25 g/cm³.  



Effect of gypsum on the hydration of ye’elimite and the chemical shrinkage 

 
106 

The lower calculated density  of about 1.94 g/cm³ for Y+G fit to a mixture of 
aluminium hydroxide,  and ettringite.  

In general, the calculated densities of  are within the ranges known for existing 
aluminium hydroxide types such as bayerite ( ,  around 2.53 g/cm³) and gibbsite 
( ,  around 2.40 g/cm³). For Y+G, the calculated densities of  are closer to 
those of a mix of ettringite and . Cuesta et al. [244] recently reported the formation of two 
types of aluminium hydroxide for the hydration of synthetic ye’elimite. One type was a gibbsite-like 
variety and the other one was an amorphous form, labelled “type 1” ), 
with a density of about 1.48 g/cm³. The presence of two types of aluminium hydroxide may occur 
here as well and would fit to the calculated density. 

 Discussion 

The chemical shrinkage measurements indicated that a chemical expansion occurs for both binders. 
The expansion seems to be caused by the partial release of the combined water. However, the 
chemical expansion observed was transitory, as the shrinkage returned to its original value 
afterwards. To assess the origin of the expansion several hydrated samples at different ages were 
investigated. The resulting hydration degree of the anhydrous phases was used to calculate the 
chemical shrinkage. The calculated shrinkage was found to increase continuously as it scales up to 
the ye’elimite hydration degree. Hence, the non-monotonous development observed experimentally 
cannot be explained. Moreover, the measured shrinkage values were always higher compared to the 
calculated values, except during the expansion period. This indicates that formed hydrates undergo a 
transformation reaction causing the release of bound water, followed by another reaction, which 
causes the uptake of water. This recovery started and proceeds even as all anhydrous phases are 
fully depleted. The transitory chemical expansion, followed by the increase of shrinkage values to the 
original ones, could neither be explained by the evolution of the anhydrous phases nor by the 
crystalline hydrates. A possible explanation could be that a gelatinous phase such as aluminium 
hydroxide starts to swell, once free space and water becomes available.  

Aluminium hydroxide is one of the main constituents of the amorphous phase. It is known that it can 
be present in several varieties and at different hydration states. There have been extensive studies in 
the field of geochemistry, soil and applied clay science on the formation, composition and stability of 
aluminium (oxy-) hydroxides. In these studies, the term “gelatinous” is often used to refer to a non-
crystalline, precursor form with high water content. As this gelatinous material crystallises, water is 
released [245] [246]. The type of the aluminium hydroxide formed, either amorphous or crystalline, 
depends on several aspects which will be highlighted in the following.  

Factors which typically favour the formation of an amorphous form are high aluminium 
concentrations, high nucleation rates [224] [226], a pH below 11 [228] [243] or 10 [226], low 
temperatures and short curing times [228] [243]. The presence of sulphate ions leads to the faster 
nucleation of an amorphous aluminium hydroxide and sulphate ions seem to impede its 
crystallisation [225] [226] [247]. The reason for this is not yet known, but could be related the 
formation of solid solutions and the presence of sulphate ions in the structure. The impact of 
sulphate on the formation and crystallisation of the aluminium hydroxide was also observed in this 
study.  
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SEM-EDS and QXRD analyses indicated that the presence of gypsum had an impact on the 
composition, crystallization and growth of the amorphous aluminium hydroxide. Despite the fact that 
the crystalline fraction of alumina hydroxide did not considerably change after 7 days for the Y 
sample, it continuously increased in the case of Y+G. Thus, we assume that presence of gypsum may 
cause initially the precipitation of a sulphur-rich solid solution of amorphous aluminium hydroxide or 
the precipitating amorphous aluminium hydroxide with absorbed and / or adsorbed sulphate species 
onto its surface. Independent which mechanisms may be present, sulphate is released again into the 
solution as soon as its concentration drops below a critical value. In parallel, the crystallization of the 
aluminium hydroxide starts. This assumption is supported by the findings of Jansen et al. [240], who 
have shown that the recrystallization or transformation of the amorphous aluminium hydroxide, 
labelled “AH7”, resulted in the release of bound water and potentially of ab- or adsorbed sulphate. 
This led to a “secondary” formation of ettringite. The composition of AH7 was derived indirectly by 
mass balance calculations based on insitu hydration studies using QXRD and 1H-TD NMR 
measurements. However, this high water content is rather questionable.  

Several of the conditions found to favour the formation of amorphous aluminium hydroxide in the 
geochemical studies cited above also exist in hydrating ye’elimite-based binder such as CSA. CSA 
cements hydrate rapidly after contact with water, causing a rapid increase of solution 
concentrations. During the early hydration period, the pH of hydrating CSA system is about 10.0 to 
10.5 [32] [114] and there is typically sulphate present in solution, even without the addition of extra 
gypsum. Other studies [32] report pH values of 8.5 in the presence of some admixtures. Therefore it 
is foreseeable that aluminium hydroxide is mainly present as amorphous phase. It can be also 
anticipated that this amorphous aluminium hydroxide will crystallise over time.  

Other phases of particular relevance are the sulphate-free calcium aluminate hydrates. Calcium 
aluminate hydrates are often metastable and undergo phase transformation processes [73]. In 
Chapter 5 we reported that the rapid dissolution of ye’elimite resulted in the formation of foil-like 

.  is a metastable phase, which is known to transforms over time towards a 
thermodynamically more stable phase assemblage. This transformation causes the release of bound 
water, which may cause an expansion as described in Chapter 2 (see Table 2.3-2). Literature also 
reports the formation of water-rich C-A-H gel in hydration CAC, followed by its conversions to  
and the release of bound water [248] [249]. Especially the rapid hydration of krotite (the main phase 
of CAC and with a C / A ratio in the range of ye’elimite), results in the formation of amorphous 
calcium aluminate hydrates gel. Typically, also other metastable phases such as  or  are 
formed in the beginning. In general , all those phases convert over time to stable ones such as  
and crystalline , where a part of the bound water is released [248] [249].  

The sulphate-bearing calcium aluminate hydrates such as monosulphate or ettringite can be present 
in different hydration stages as well. Bergold et al. [250] reported that a metastable water-rich 
monosulphate type is formed initially, labelled “AFm 16H” originating from the hydration of  in 
the presence of sulphate. The authors assumed that AFm 16H gradually dissolves and another 
monosulphate type with less water, “AFm 14H” (labelled Ms14 by us), precipitates. However, it is 
also possible that AFm 16H recrystallizes to AFm 14H which would cause the release of two moles 
water. It was further shown by Baquerizo et al. [242], that in the higher hydration state of 
monosulphate such as Ms14 is stable under saturated conditions over 20 °C and that once it 
dehydrates to the lower hydration state of Ms12 it does not rehydrate again.  
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As we have shown, monosulphate is mainly present as Ms14 in the fresh samples, whereas it is Ms12 
and Ms10.5 in the stopped sample. It remains unknown whether Ms14 recrystallizes over time even 
under saturated conditions as during the chemical shrinkage measurements. However, as 
monosulphate represents one of the main hydration products for the Y sample, even such small 
changes may contribute to the measured chemical expansion. For example, the transformation from 
Ms14 to Ms12 would result in an expansion of about 4.4 g/cm³ (using the densities provided by 
Baquerizo et al. [242]) and a water release of about 5.5 wt.%. This may explain the higher measured 
expansion and water release for Y compared to Y+G. 

We could demonstrate that the transitory chemical expansion is linked with the recrystallization of 
previously formed amorphous phases. However, we can only speculate that the recovery is linked to 
the swelling of the amorphous aluminium hydroxide. The addition of gypsum can reduce the extent 
of the expansion. SEM micrographs show that even for tested high w/b of 2, the space was 
completely filled and that aluminium hydroxide is virtually the dominant phase, binding everything 
together. The chemical expansion and the release of bound water created space and enabled the 
access to water, which in turn led to the swelling of potentially amorphous “gelatinous” aluminium 
hydroxide still present in the system.  

 General discussion  6.4

In this chapter, we investigated the impact of gypsum on the hydration and on the chemical 
shrinkage of ye’elimite. First, the addition of gypsum causes a harmonization of the hydration 
kinetics for Y and Fe-Y, which is important and beneficial for the development of robust and stable 
CSA or BYF cements. Gypsum further accelerates the hydration and modifies the hydrates 
assemblage by favouring the formation of ettringite rather than monosulphate. The heat release 
measurements indicated that in the presence of gypsum complete hydration was reached within 24 
hours, whereas in the absence of gypsum it took 40 hours to reach the same hydration degree. 
Furthermore, the calorimetric measurements in paste have revealed a steady higher heat release 
during the dormant period in the presence of gypsum compared to the neat ye’elimite. The higher 
w/b and w/s ratios promote the steady formation of ettringite, where the solution composition is 
buffered by the continuing dissolution of the anhydrous phases.  

The experiments carried out in diluted suspensions were done to assess the impact of gypsum in 
more detail. The rapid dissolution of gypsum leads to a strong increase of the calcium and sulphate 
ions and decrease of the aluminium ion concentrations compared to the ye’elimite clinker. These 
conditions favour the fast formation of ettringite and keep the aluminium ion concentrations in 
solution low. The evolution of the calcium and sulphate ion concentrations are buffered by the 
steady dissolution of solid gypsum. In general, the evolution of the solution concentrations indicates 
that precipitation of ettringite continues as long as the high calcium and sulphate ion concentrations 
are maintained. On the contrary, the aluminium ion concentration steadily decreases throughout the 
“dormant” period. Zhis indicates that the dissolution rate is lower than the precipitation of ettringite. 
Once the sulphate is depleted (e.g. gypsum and form solution), the hydration follows the same 
sequences as for neat ye’elimite.  
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The chemical shrinkage analysis revealed a transitory chemical expansion which was followed by the 
recovery of shrinkage to its maximum values and eventually surpassing it. The chemical expansion 
could be linked to the recrystallization of previously formed amorphous phases, mainly that of 
aluminium hydroxide. The recrystallization causes the release of combined water. In addition, is 
possible the hydration state of other phases such as monosulphate and  changes over time, 
which could lead to the release of bound water as well. The recovery of the shrinkage suggests that 
the hydration continued and / or a phase assemblage with higher density developed over time. Most 
likely, the shrinkage recovery is related to the water uptake and swelling of the amorphous 
“gelatinous” aluminium hydroxide. The understanding of the origin of the chemical shrinkage and 
expansion is of high importance for the development of CSA and BYF based cements. For example, 
Morin et al. [251] reported the presence of a strength plateau in several BYF cements after the 
depletion of ye'elimite, while other anhydrous phases like belite and ferrite continued to react. The 
origin of the strength plateau remains unclear as it is not related d to any slowdown of the reaction. 
It is possible that a transformation reaction or a chemical expansion occurs in parallel to the ongoing 
hydration of e.g. belite.  
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7 Hydration of an iron-rich ye’elimite and effect of mayenite 

 

The results of this chapter will be reported in peer reviewed journal(s): 

- Cement and Concrete Research 
o Title: Hydration of an iron-rich ye’elimite and effect of mayenite  

  Draft under preparation 
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Understanding the origin the different hydration kinetics of stoichiometric and iron-rich solid solution 
ye’elimite is the main motivation for the work presented in this chapter. 

Chapters 2 and 4 report the impact of minor elements especially of iron on the formation and 
reactivity of CSA and BYF cements. The incorporation of iron into ye’elimite results in the stabilisation 
of a pseudo-cubic symmetry at ambient temperatures. However, the thermal stability was decreased 
compared to stoichiometric ye’elimite. Consequently, the iron-bearing solid solution ye’elimite starts 
to decompose yielding mayenite, whereas the stoichiometric ye’elimite remains stable under similar 
conditions. Previous to this work, it was often assumed that there was a link between the presence 
of iron, the polymorphism of ye’elimite and the hydraulic reactivity. The objective of this chapter is 
to characterise and understand the correlation between the substitution of aluminium by iron within 
the crystal structure of ye’elimite, the polymorphism and the hydraulic reactivity. We further tried to 
assess the effect of mayenite on the hydration mechanisms of ye’elimite at the different hydration 
stages determined earlier. For this purpose, the hydration kinetics at varying w/b ratios were studied 
in pastes and supplemented by experiments in suspension. The experiments carried out in 
suspensions enable the characterisation of the dissolution of the anhydrous phases, the evolution of 
the solution composition and the resulting composition and morphology of the hydrates formed. 

 Summary – Experiments carried out in Chapter 7 7.1

The Y and Fe-Y clinker from the S3 series were used. Two sets of experiments were carried out on 
blends of neat Y and Fe-Y clinker with the addition of 0.5%, 1% and 2 % mayenite and in the presence 
of gypsum. Similar to the case of stoichiometric ye’elimite from Chapter 5, the investigations were 
conducted in pastes and in suspensions in order to evaluate the effect of the water to binder (w/b) 
ratio, the availability of surface area and the evolution of the phase assemblage as well as the 
solution concentrations. The experiments are summarised in Table 7.1-1. The most relevant results 
are reported in this chapter. Other results can be found in the annex – part V. 

Table 7.1-1 Experimental matrix 

  Paste ± Qz Suspension 
  w/b 0.5 - 40 w/b 40 w/b 100 

Calorimetry 
Continuous measurement  

0 - 48 h 
x   

Conductivity 
and pH 

Continuous measurement  
0 - 24 h 

 x x 

QXRD + TGA 
Single sample at the end x  x 

Samples taken during 24 h  x  
Mass balance 
calculations 

All x x x 

ICP-OES Samples taken during 24 h  x x 
Modelling Samples taken during 24 h  x x 
HR-SEM Samples taken during 7 min   x 
STEM-EDS Samples taken during 3 h   x 
SEM Samples taken during 24 h x   
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 Hydration kinetics in pastes 

It is often reported that the iron-rich solid solution ye’elimite hydrates faster compared to 
stoichiometric one. This is show in Figure 7.1-1 together with a simplified scheme highlighting two of 
the five defined hydration periods presented in Chapter 5. Not only are the dormant period but as 
well the acceleration and main hydration period shortened for Fe-Y compared to Y. It is important to 
understand what causes those differences and how is this related to the formation of iron-rich solid 
solution ye’elimite. To obtained first insights, we compared the hydration kinetics of the two 
ye’elimite types at water to binder ratios ranging from 0.5 to 40, similar to the approach presented in 
section 5.4.4. The composition of the formed phase assemblages is available in the annex part V, 
Figure 8.8-10 to Figure 8.8-20. 

  
Figure 7.1-1 Rate of heat evolution Y, Fe-Y and scheme for the underlying reactions; blue = primarily the formation of 

ettringite,  and amorphous aluminium hydroxide; green = primarily the formation of monosulphate and gibbsite-
like aluminium hydroxide  

Figure 7.1-2 shows the results from calorimetry measurements for the neat Y and Fe-Y clinker at 
several w/b ratios. For w/b ratios up to 5, the dormant and the acceleration period are shorter for 
Fe-Y compared to Y. However, at higher w/b ratios such as 10 to 40 the hydration rates are almost 
identical. This demonstrates that the hydration kinetics and sequences are altered. 

For example, we observe only a single sharp peak on the calorimetry curves for the Fe-Y at lower w/b 
ratios. On the contrary, this peak starts to broaden at high w/b ratios such as 10, forming a left-hand 
shoulder which indicates the acceleration period. The former main hydration peak is shifted from 
about 14 hours at w/b 1 to 22 hours at w/b 40 for Fe-Y. The fact that the differences seen at low w/b 
disappear at higher w/b, suggests that the polymorphism (alone) cannot explain the features 
observed. Furthermore, in some cases no acceleration was detected for solid solution ye’elimite even 
when the cubic form was present [184]. The other main difference, beside the polymorphism, 
between both clinkers is the presence of mayenite in the Fe-Y clinker which may explain the 
experimental results.  
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First 2 hours Full range 

 

 

Figure 7.1-2 Rate of heat evolution and cumulative heat release for hydrating Y and Fe-Y; continuous line = Fe-Y and 
dashed line = Y; marking the duration of the two main reactions for Y 

 Effect of mayenite on the hydration kinetics of neat ye’elimite clinker 

The hydration kinetics of Y and Fe-Y were analysed at a w/b ratio of 0.5 and 2, and with the addition 
of 0.5, 1 and 2 wt.% synthetic mayenite. The results are presented in Figure 7.1-3 and Figure 7.1-4. It 
must be noted that for the purpose of these investigations fine ground mayenite was added to the 
ye’elimite samples, whereas the mayenite present in the Fe-Y clinker is embedded in the ye’elimite 
particles. Therefore, we assume that the accessibility of mayenite can be different.  

The hydration kinetics of Y are sensitive to the amount of mayenite and to the w/b ratio used. Only 
an exothermic peak was observed in the mayenite containing samples during the first 30 minutes of 
hydration, where the intensity rises with increasing mayenite additions. The impact on the main 
hydration peak is more complex. At a mayenite dosage of 0.5 w.t% and a w/b ratio of 0.5 a marginal 
acceleration of the hydration kinetics occurred. On the contrary, the addition of 0.5 w.t% mayenite 
had almost no impact at a w/b of 2. Already the addition of 1 wt.% mayenite was sufficient to 
perfectly match the hydration pattern of Fe-Y at both tested w/b ratios. Additionally, a small peak 
appears between 6 to 9 hours that becomes more visible with increased mayenite dosage. The 
cumulative heat release gives higher values for samples prepared with a w/b ratio of 2 compared to 
those prepared with a w/b ratio of 0.5. This is due to the higher hydration degree and is in line with 
was reported by us in [33] (see also annex – part V) as at the lower w/b ratios the hydration is limited 
by the lack of water and space.   
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First 2 hours Full range 

 

 

Figure 7.1-3 Rate of heat evolution and cumulative heat release of Y and Y with the addition of 0.5 to 2 wt.% mayenite 
(C12A7) at a w/b of 0.5 and 2; dashed line = Fe-Y tested for the respective w/b ratio 

Figure 7.1-4 gives the incremental and cumulative heat release for the addition of mayenite to Fe-Y. 
The data show that the addition of mayenite slightly retards the hydration kinetics, regardless of the 
w/b used. The effect was somewhat similar to what was observed for the addition of 2 wt.% 
mayenite to Y for a w/b of 0.5 compared to the addition of 1 wt.%. The deceleration of the reaction 
leads a longer dormant and to an extended acceleration period. 

First 2 hours Full range 

 

Figure 7.1-4 Rate of heat evolution and cumulative heat release of Fe-Y and Fe-Y with 1 wt.% mayenite (C12A7) at w/b 0.5 
(continuous line) and at w/b 2 (dashed line) 
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Our results indicate that the addition of 1% mayenite to the neat Y clinker was sufficient to replicate 
a similar hydration pattern to the Fe-Y clinker, where the mayenite is formed from the 
decomposition of ye’elimite. We assume that the rapid dissolution of mayenite causes higher calcium 
and aluminium concentrations in solution, and thus a higher oversaturation with respect to ettringite 
rather than of monosulphate. With this in mind we conclude that the polymorphism is not (primarily) 
responsible for the different hydration kinetics observed. 

 Effect of mayenite on the hydration kinetics in the presence of gypsum 

The effect of mayenite on the hydration kinetics of ye’elimite in the presence of gypsum was tested 
using binders composed of 64% Fe-Y clinker and 36% gypsum with 1 % mayenite. Similar to the 
previous investigations, all the tests were carried out at w/b of 0.5 and of 2. A ye’elimite to gypsum 
molar ratio of 2 was chosen to ensure sufficient gypsum is available to form just ettringite and 
aluminium hydroxide, i.e. to avoid monosulphate. The results presented in Figure 7.1-5 demonstrate 
that the retarding effect of mayenite on the hydration of Fe-Y clinker could be fully mitigated by the 
addition of gypsum. Additionally, the simultaneous presence of mayenite and of gypsum shortens 
the dormant period marginally by 1 hour for both w/b ratios investigated.  

First 2 hours Full range 

 

Figure 7.1-5 Rate of heat evolution and cumulative heat of Fe-Y+G and Fe-Y+G with 1 wt.% mayenite (C12A7) at a w/b 0.5 
(solid line) and 2 (dashed line) 

The formation of second peak or more precisely a right-hand side shoulder can be observed. This 
shoulder peak is shifted to earlier times in the presence of mayenite resulting in a full overlapping 
with the main hydration peak. Jansen et al. [39] [240] found that during this period, the metastable 
amorphous aluminium hydroxide transforms to a gibbsite-like type, and the bound sulphate is 
released, which enables the second period of the ettringite formation. The hydration of mayenite 
accelerates the sulphate depletion, e.g. from solution and gypsum depletion, which in turn shifts the 
onset of the transformation of the amorphous aluminium hydroxide to an earlier period. 
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 Impact of mayenite on the solution composition  7.2

We studied the hydration of Fe-Y in more detail (following the methodology used for Y in Chapter 5), 
to understand the impact of present mayenite on the dissolution and precipitation reactions. Figure 
7.2-1 shows the solubility curves at two selected sulphate ion concentrations of 0.02 mM/l and 
3.5 mM/l. The concept was briefly discussed in Chapter 2. Generally, higher sulphate ion 
concentrations shift the solubility lines of the sulphate-free calcium aluminate hydrates to higher 
calcium ion concentrations, where the slope remains almost the same. We further include the 
trendline for dissolution of mayenite. This phase has a lower  /  ratio than ye’elimite. Thus, it 
intersects with the solubility lines for ettringite, monosulphate and the sulphate-free calcium 
aluminate hydrates are at lower aluminium ion concentrations. Oversaturation levels, with respect to 
those hydrates, will be reached faster, favouring their precipitation. As a result, the hydration 
kinetics may be accelerated. Especially the faster formation of ettringite or monosulphate would 
result in the earlier depletion of sulphate ions from solution and consequently, the earlier onset of 
the acceleration period.  

The formation of sulphate-free calcium aluminate such as  or  is rather unlikely. For 
pure ye’elimite, high aluminium ion (24 mM/l) and calcium ion (16 mM/l) concentrations would be 
needed to reach the solubility line of  at a sulphate concentration of 3.5 mM/l. For  
even higher aluminium ions concentrations of about 28 mM/l (calcium about 18 mM/l) would be 
needed. However, these values are profoundly reduced if mayenite is present. The intersects for 

 and  are shifted to aluminium ion concentrations around 13 mM/l (calcium about 
11 mM/l) and 15 mM/l (calcium about 13 mM/l), respectively. This can have a significant effect on 
the hydration kinetics as  nucleates more easily and rapid compared e.g.  [73]. As the 
dissolution and nucleation processes are coupled reactions, any factor favouring one of them will in 
turn cause the acceleration of both [113].  

a) typically during the initial & final period b) typically during dormant & acceleration period 

  
Figure 7.2-1 Solubility curves at 25 °C for the system  at a sulphate concentrations of 

0.02 mM/l (a) and 3.5 mM/l (b)  
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 Experimental results 

Figure 7.2-2 presents the evolution of the pH, the conductivity and the element concentrations in 
solution of Y and Fe-Y at two different w/b ratios. The hydration sequences are similar for both 
ye’elimite types and applied w/b ratios but the kinetics are different. Fe-Y hydrates always faster 
compared to Y which is also shown by the higher initial pH and conductivity signal. The evolutions of 
the concentrations are very similar at both tested w/b ratios.  

a) 

 

b) 

 

c) 

 
Figure 7.2-2 Evolution of the pH (a), the conductivity and solution composition for Y and Fe-Y at w/b 40 (b) and 100 (c); Fe 
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To highlight the differences during the early period, the same data is plotted in logarithmic scale in 
Figure 8.8-25. During the first minutes of hydration Fe-Y reveals higher calcium and aluminium ion 
concentrations compared to the Y samples (highlighted for w/b 40), whereas the concentration of 
sulphate is almost identical. The concentration of iron was always below the detection limit, 
indicating its instant precipitation. The concentrations are almost identical with the onset of the 
dormant period. The origin and mechanisms behind each hydration period were presented in 
discussed in Chapter 5. We will focus here the comparison between Y and Fe-Y.  

  
Figure 7.2-3 Evolution of the conductivity and the solution composition for Y (dashed line and empty symbols) and 

Fe-Y+G (continuous line and filled symbols) 

The higher initial concentrations of calcium and aluminium for Fe-Y strengthens our hypothesis that 
the rapid dissolution of mayenite, i.e. a sulphate-free calcium aluminate, alters the solution 
composition and with that the hydration kinetics. The higher initial calcium and aluminium ion 
concentrations promote the formation of ettringite, causing the faster depletion of sulphate ions 
from solution and thus, the dormant period is shortened.  

Figure 7.2-4 present the updates solubility curves from Figure 7.2-1 with the measured 
concentrations presented in Figure 7.2-3. Generally, the measured concentrations fall in between the 
solubility line of amorphous aluminium hydroxide and that of “dissolving” ye’elimite. It was shown in 
Chapter 5 that instantly after the contact with water the precipitation of hydrates is initiated. This 
first hydrate phase is X-ray amorphous and has a bulk chemical composition close to that of the 
dissolving ye’elimite type, with a slight enrichment of aluminium (or iron in the case of Fe-Y, see 
section 7.3).  

The measured solution compositions are perfectly in line with those results. The solubility line of 
amorphous aluminium hydroxide in never passed (except during the final period), which 
demonstrates that it is always oversaturated. This keeps the aluminium ion concentration in solution 
high and in turn favours the formation of ettringite and monocalcium aluminate hydrate rather than 
of monosulphate. Only the samples taken during the equilibration hydration period show a steady 
depletion of aluminium from solution (see Figure 7.2-5), due to which the amorphous aluminium 
hydroxide type becomes undersaturated and as a results, may dissolve.  
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Figure 7.2-4 Solubility curves at 25 °C for the system  at a sulphate concentration of 

3.5 mM/l;  Y and  Fe-Y 

 

  
Figure 7.2-5 Calculated versus measured (  Y and  Fe-Y) solution concentrations  
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 Effect of mayenite on the hydration kinetics of ye’elimite alone and with gypsum  

The impact of the addition of synthetic mayenite to stoichiometric ye’elimite at high a high w/b ratio 
was tested in suspension at w/b 100 by following the evolution of the conductivity and pH. The faster 
initial reaction, the higher pH value for Fe-Y during the initial period as well as the shortening of the 
dormant period could be very well reproduced.  

However, the length of the acceleration period is extended and the main hydration peak is shifted to 
later times. The retardation of the main hydration peak was also observed for Y with 2 wt.% or Fe-Y 
with 1 wt.% mayenite in the paste samples. The origin of the retardation remains unknown. A 
hypothesis could be, that the faster depletion of sulphate ions by the precipitation of ettringite alters 
the  /  ratio in solution. As ettringite uses more calcium than is released by the dissolution of 
ye’elimite, the aluminium ion concentration should increase over calcium. This in turn may shift the 
solution composition towards the solubility curves of amorphous aluminium hydroxide,  and 
away from monosulphate. However, their formation and growth may be kinetically hindered. 
Additionally, literature reports that sulphate ions cause the faster nucleation of an amorphous 
aluminium hydroxide [223] [224] [246]. Thus, due to its absence, i.e. depleted from solution, the 
nucleation rate is reduced which in turn may explain the longer duration of the acceleration period.  

 

 
Figure 7.2-6 Evolution of the conductivity and pH of Y and Y with 0.5, 1 and 2 wt.% mayenite at w/b 100, Fe-Y for 

comparison 
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The impact of mayenite in the presence of gypsum is shown in Figure 7.2-7. Almost identical curves, 
for both the conductivity and pH evolution compared to the Fe-Y+G sample, could be simulated by 
the addition of 1 wt.% mayenite to Y+G. Especially, the shape of the initial period was well captured 
as shown by the almost full overlap with the Fe-Y+G curve. Those findings confirm the results from 
the experiments carried out in pastes at w/b 0.5 and 2. 

 

 
Figure 7.2-7 Evolution of the conductivity and pH of Y+G with the addition 1 wt.% synthetic mayenite at w/b 100, Fe-Y+G 

for comparison

 Effect of iron onto the hydrates microstructure and composition 7.3

Figure 7.3-1 shows STEM-EDS micrographs of Fe-Y hydrated for 7 minutes and 3 hours at w/b 100. 
First, we often observed an enrichment of iron along grain boundaries of the anhydrous Fe-Y 
particles. Secondly, a layer of hydrates is instantly formed, similar to the findings for Y (Chapter 5), 
and this layer is enriched in iron. The enrichment of iron is very probably related to the low mobility 
of iron in the given solution composition. Table 7.3-1 presents the bulk composition of the formed 
hydrates in the Fe-Y samples. The results for Y are shown for comparison. The HR-SEM micrographs 
of Fe-Y hydrated at w/b 100 reveal very similar features as for Y and are therefore not presented 
here. They are available in the annex – part 5, Figure 8.8-28 to Figure 8.8-31.  
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After 7 minutes After 3 hours 

  
Figure 7.3-1 STEM-EDS micrograph of Fe-Y hydrated at w/b 100 for 7 minutes and 6 hours 

The formed layer after 7 minutes of hydration has a different composition than the used iron-rich 
solid solution ye’elimite. The  ratio is reduced by half and the  ratio is increased. 
However, the compositions are closer after 3 hours of hydration, which is probably related to the 
higher hydration degree reached. The foil-like calcium aluminate hydrate has a similar composition in 
all samples, which indicates that the formation of iron-bearing solid solutions is limited. 

Table 7.3-1 Mean atomic ratios determined by STEM-EDS of the solid residues of Y and Fe-Y hydrated at w/b 100; n.d. = 
not detected 

Sample 
In layer-like hydrates Number of 

measured areas    
Anhydrous Y 0.65 0.16 0.005  

Y 7 min 0.65 0.13 0.03 18 
Y 6 hours 0.60 0.15 0.04 14 

Anhydrous Fe-Y 0.69 0.16 0.07  
Fe-Y 7 min 0.71 0.08 1.57 11 

Fe-Y 3 hours 0.75 0.17 0.40 30 

In foil-like hydrates – potentially  

Y 7 min 0.34 0.07 0.022 1 
Y 6 hours 0.31 0.07 0.012 5 

Fe-Y 7 min    n.d. 
Fe-Y 3 hours 0.37 0.10 0.09 3 

Figure 7.3-2 shows STEM-EDS micrographs elemental maps derived by analyses presenting the 
composition of ettringite and monosulphate. The large hexagonal particles present have a 
composition very close to that of monosulphate ( ). Only the highlighted particles in upper 
right corner reveal a composition close to that of ettringite . The determined  ratios 
for monosulphate and ettringite were about 0.02 to 0.04 and 0.08 to 0.11, respectively. This in turn 
would give a  by  substitution of about 2-4% ( ) and 7-10% ( ), 
respectively. The worn-out parts of the shell are spread over the sample matrix. A second area is 
shown in Figure 7.3-4 Figure 7.3-2. 
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Area 1 

  
Area 2 

  
Figure 7.3-2 STEM-EDS micrographs of Fe-Y after 3 hours of hydration 

The distributions of the main present elements are shown in Figure 7.3-3 and Figure 7.3-4. It can be 
clearly seen that iron is incorporated into monosulphate and ettringite. On the contrary, the foil-like 
calcium aluminate hydrate shows hardly any incorporation of iron (above the background noise). The 
iron-rich particles present the worn-out shell or hydrates layer formed initially.   
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Area 1 

 

  

  
Figure 7.3-3 STEM-EDS micrographs of area 1 with the elemental distribution of , ,  and  of Fe-Y after 3 hours of 

hydration 
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Area 2 

 

  

  
Figure 7.3-4 STEM-EDS micrographs of area 2 with the elemental distribution of , ,  and  of Fe-Y after 3 hours of 

hydration 
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 Discussion 7.4

This work investigated the hydration kinetics of stoichiometric and an iron solid solution ye’elimite 
with the addition of mayenite in pastes and suspensions. We further investigated the effect of the 
combined addition of mayenite and gypsum to ye’elimite. We were able to reconstruct the hydration 
kinetics of Fe-Y by blending Y with mayenite. In Chapter 5 we have shown that the relative high 
solution concentrations of aluminium and sulphate ions over calcium ions control the onset and 
duration of the dormant period. In Chapter 6 we showed that the addition of gypsum profoundly 
increases the calcium and sulphate compared to the aluminium ion concentrations. These conditions 
favour and accelerate the formation of ettringite, which led to the shortening of the dormant period. 

We have shown in section 7.1.1 that the different hydration kinetics the two ye’elimite types could 
be mitigated by increasing the water to binder ratio. The higher w/b and the availability promote the 
formation of ettringite, indicating that the length of this period is primarily controlled by the 
precipitation of hydrates rather than the dissolution rate of ye’elimite. Thus, the polymorphism 
cannot explain these differences or has only a little impact. On the contrary, we could perfectly 
reconstruct the hydration kinetics (paste) of iron-rich ye’elimite by blending stoichiometric ye’elimite 
with only 1 wt.% of synthetic mayenite. The addition of mayenite to Fe-Y strengthened, similarly to Y 
samples, the initial hydration reactions but caused the retardation of the main hydration reaction.  

The rapid dissolution of synthetic or secondary mayenite (e.g. from the thermal decomposition of 
ye’elimite) proceeds during the first seconds to minutes of hydration. This is shown by e.g. the higher 
heat release (paste), the high pH (suspension), the greater aluminium and calcium concentrations 
(suspension). The hydration of mayenite alters the  /  and /  ratios, promoting the faster 
formation of ettringite and depletion of sulphate from solution. In general, the depletion of sulphate 
from solution, the increase of the pH and the shortening of the dormant period are correlated. It 
actually seems that the polymorphism of ye’elimite has only a little impact. This reaction is followed 
by the rapid ye’elimite dissolution and onset of the monosulphate formation. Our results somewhat 
match the higher pH and the faster reaction found for iron-rich CSA, i.e. FAC, [11] [12] or synthetic 
(solid solution) ye’elimite [39].  

Not all hydration periods are equally altered by the presence of mayenite. The length of the initial 
period, dormant and acceleration period are shortened in the presence of mayenite when testing 
paste samples. On the contrary, the duration of the dormant and acceleration period is lengthening 
when testing samples in suspension. The origin of the retarding effect of mayenite additions at high 
w/b ratios remains unknown. We can only speculate that the lack of sulphate ions reduces the 
nucleation rate of amorphous aluminium hydroxide and thus, causes the longer duration of the 
acceleration period.  

It is also now possible to explain why the addition of gypsum causes an acceleration and 
harmonisation (i.e. similar sequences) of the hydration reactions. Almost identical hydration patterns 
for Y+G or Fe-Y+G with mayenite were observed in pastes and even in suspensions. The rapid 
dissolution of gypsum leads to a rapid increase of the calcium and sulphate ion concentration, 
whereas that of aluminium is decreased (see Figure 6.2.3 in Chapter 6). Those conditions favour the 
formation of ettringite [234], which keeps the aluminium ion concentration in solution low.  
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The dissolution of mayenite provides calcium and aluminium ions to a sulphate-rich solution, which 
further promotes the initial ettringite formation. However, the nucleation and growth of ettringite 
seem to be the main kinetic driver as long sulphate is available in solution, e.g. provided by the 
dissolution of gypsum. A similar impact of mayenite on the hydration of calcium aluminates alone 
and in the presence of gypsum is already known. Gosselin [22] has analysed the hydration of neat 
krotite and in the presence of mayenite. He could show that the concentration of calcium compared 
to aluminium ions was higher in the presence mayenite and that the dormant period was shortened. 
Similarly, the presence of mayenite causes the acceleration of the hydration kinetics for CAC clinker 
[95] [252] [253] [254], whereas formulations with calcium sulphate could reach reasonable long open 
times [255].  

The low mobility of iron in solution, e.g. for the dissolution of iron-rich solid solution ye’elimite, 
resulted in another important difference compared to the hydration of stoichiometric ye’elimite. Iron 
was never detected in solution but instead was found to be highly enriched in the layer or “shell” of 
hydrates, covering the anhydrous particles. The formation of iron-rich areas is consistent to the 
finding by Zhang and Glasser [133] about the low mobility of iron in hydrating CSA. The composition 
of the iron-rich phase(s) and its impact on the hydration kinetics remains unknown. However, some 
information can be obtained from research done on the hydration of the calcium ferrites. Literature 
reports that the hydration of neat brownmillerite ( ) resulted in the formation of a gelatinous 
layer of hydrates is formed, which covers the anhydrous particles [256]. The authors claimed that the 
diffusion through the formed gelatinous hydrates layer is the rate limiting process. In a 
complementary study, the composition of the gelatinous iron-rich layer was investigated by X-ray 
absorption spectroscopy among other methods [257]. The authors found that the layer was 
composed of iron-bearing katoite ( ) and iron hydroxide ( , i.e. goethite) besides various 
calcium aluminate hydrates. On the contrary, ettringite was formed in the presence of sulphate, 
where the ettringite was intermixed within the gelatinous iron hydroxide layer [93] [96]. However, 
the impact of the formed layer and its composition on the hydration kinetics remains to be 
speculations. 

Our study provides very important insights to better understand the hydration of ye’elimite-rich 
binders, especially in the presence of minor phases such as mayenite. By knowing the parameters 
which cause the presence or absence of mayenite (Chapter 4), it is now possible to adjust the 
composition of CSA and BYF clinkers and cements according to the targeted application. For example, 
if fast setting and high early strength is required for applications such as shotcrete, pre-cast concrete 
or repair mortars, a CSA or BYF clinker with mayenite could be used together with a less soluble 
calcium sulphate such as hard burnt anhydrite. The formation of mayenite could be provoked by e.g. 
increasing the iron content in the raw materials and / or by increasing the sintering temperature or 
duration. On the opposite, if a long open time is targeted, the sintering duration or temperature 
should be optimized and strictly controlled to avoid the formation of mayenite, especially if iron-rich 
raw materials are used. Otherwise, gypsum could be added to mitigate the effect of mayenite. By 
combining all those measures it is possible to produce cements with stable and uniform features. 
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 Introduction 8.1

This thesis was developed along three main axes: the study of the impact of iron on the formation of 
solid solution ye’elimite; the hydration of stoichiometric ye’elimite alone and in the presence of 
gypsum, including the impact of the water to binder and water to solid ratio; and the comparison to 
the hydration the solid solution ye’elimite, including the effect of mayenite. 

We discussed in Chapter 1 and 2 the demands and challenges for alternative binder concepts such as 
CSA and BYF. One of the major requirements is that the cement performance is stable. The material 
handling during preparation of concrete should be ideally similar to PC and the new binder should 
behave the same or even better with regard to e.g. the strength development, volume stability, 
surface quality and resistance to chemical or physical attacks. CSA and BYF cements with the main 
phase ye’elimite are a promising class of non-Portland cements which fulfil most of the 
requirements. However, the hydration kinetics of CSA and BYF cements vary strongly, even for 
cements with similar composition and fineness. Understanding the origin this variation was the main 
motivation for this thesis.  

Earlier studies indicated that the type and composition of ye’elimite was related to the different 
hydration kinetics. Iron-rich CSA and BYF clinkers and cements often show faster hydration kinetics, 
higher initial pH and early strength compared to those with low iron contents. The addition of easy 
soluble calcium sulphate such as gypsum mitigates this effect, resulting in a harmonization of the 
hydration sequences and kinetics. The literature reports that stoichiometric ye’elimite has an 
orthorhombic symmetry at ambient conditions, whereas a cubic symmetry is stabilised by the 
presence of minor elements such as iron. Thus, previous to this work, it was often assumed that 
there was a link between the presence of iron, the polymorphism of ye’elimite and the hydraulic 
reactivity.  
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 Clinker synthesis and characterisation  8.2

The effect of iron on the formation of stoichiometric and solid solution ye’elimite was studied in 
Chapter 0. Stoichiometric ye’elimite has an orthorhombic symmetry at ambient temperature. The 
maximum substitution value of x in C4A3-xFxS found was about 0.27 (7.2 wt.% ), where the 

optimum, e.g. achieving the near complete incorporation of all added iron, was around 0.10 (5 wt.%). 
The substitution of aluminium by iron preserved the cubic symmetry to ambient temperatures. 

Ye’elimite is formed from the reaction of the intermediate calcium aluminates such as krotite and 
mayenite with anhydrite. Iron promotes the formation of a liquid phase, causing an enhanced 
nodulization, densification of the microstructure, which promotes the mass transport of elements 
and thus the mineral formation. Especially, the intermediate phase krotite is formed faster, which in 
turn enables the faster ye’elimite formation.  

Ye’elimite containing iron seems to possess a lower thermal stability compared to the stoichiometric 
one and starts to decompose if the sintering temperature is too high and / or dwell time is too long. 
It was reported that a liquid phase facilitates the volatilisation of sulphate. This may contribute to the 
decomposition. First, the calcium sulphate dissolves into the ferritic liquid phase a part is lost by the 
volatilization. Second, the iron-rich ye’elimite is formed faster and thus is are exposed longer to the 
sintering temperature. The decomposition of ye’elimite led to the volatilization of sulphur and the 
formation of secondary phases such as mayenite, krotite and ferrites. The XRD detectable quantities 
of mayenite are typically below 1% in the solid solution ye’elimite clinker. It is possible that a part of 
mayenite is present in an amorphous form. Blends of stoichiometric or solid solution ye’elimite with 
synthetic mayenite were prepared to determine the detection limit for mayenite. The limit was 
found to be around 2 %. 

These findings can be directly applied for the production of CSA and BYF clinkers. For example, using 
a higher fineness of the calcium and aluminium sources as well as a good homogenization it could be 
feasible to optimize the production of such clinkers, e.g. enabling the reduction of the sintering 
temperature and / or the dwell time. Additionally, the decomposition of ye’elimite could be avoided 
or minimized even for iron-rich mixes by proper adjustment of the process conditions. 
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 Hydration reactions of synthetic ye’elimite 8.3

To understand the effect of iron and the solid solution ye’elimite on the hydration, we first studied 
the dissolution and precipitation reactions of stoichiometric ye’elimite. These results are presented 
in Chapter 5. By carrying out experiments in pastes suspensions at several water to binder (w/b) 
ratios, we could define five hydration periods and formulate hypotheses for their onset and end. 

 
Figure 8.3-1 Idealized hydration scheme for ye’elimite and the corresponding hydration stages from section 0 

Stage I: The initial period is marked by the wetting and rapid dissolution of a small quantity ye’elimite 
and the formation of primarily an amorphous phase. The first distinguishable hydration products are 
ettringite (HR-SEM, STEM and XRD), foil-like monocalcium aluminate decahydrate ( ) (HR-SEM 
and STEM) and aluminium hydroxide (TGA). During the first minutes of hydration a layer of hydrates 
forms around the anhydrous particles, but this is not believed to be responsible for the slowdown in 
reaction. The slowdown of the ye’elimite dissolution within seconds, already before the layer of 
amorphous phases is formed. Therefore the slowdown is believed to be due to the decrease in 
undersaturation caused by the rapidly increasing solution concentrations. It could be that ye’elimite 
is in equilibrium with the solution. Another cause may be the absorption of sulphate on reactive 
dissolution sites of ye’elimite, blocking its dissolution for given calcium and aluminium 
concentrations. However, this contradicts the accelerating effect of gypsum on the hydration. 

Stage II: The dissolution of ye’elimite almost stops, whereas the formation of ettringite slowly 
continues. The rate of the ettringite formation seems to control the length of the dormant period. Its 
length corresponds to the slow continuous sulphate depletion resulting from the steady formation 
and growth of ettringite. The pH starts to increase slowly but steadily.  
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Stage III: Once the concentration of sulphate ions decreases enough (in the gypsum-free sample), the 
onset of the acceleration period occurs. At this stage the ye’elimite dissolution as well as the 
formation of hydrates accelerates. Additionally, monosulphate together with gibbsite-like aluminium 
hydroxide start to form. The drop and depletion of sulphate ions concentration corresponds to rising 
pH values due to the increasing hydroxyl ion concentrations to maintain electron neutrality in 
solution (new equilibrium conditions established). The increasing pH may contribute to the 
acceleration of the kinetics. It is important to note that according to the QRXD analyses neither the 
hard burnt anhydrite nor the krotite had reacted to any measurable extent till this period. 

Stage IV: The main hydration period is marked by the rapid dissolution of ye’elimite and the 
formation of monosulphate, ettringite and the X-ray amorphous phase. The pH continuous to rise 
and the near complete depletion of all clinker phases are observed. Sulphate is not detected in 
solution, even when ye’elimite and the hard burnt anhydrite dissolved. This indicates that the 
nucleation and growth of monosulphate and ettringite proceed at a similar rate as the ye’elimite 
dissolution. In general, the duration of this period seems to depend equally on the rate of the 
ye’elimite dissolution and the formation monosulphate as well as ettringite.  

Stage V: The final or equilibration and transformation period starts after the near complete depletion 
of all clinker phases. A slow and steady decrease of the aluminium ion concentration occurs. At the 
same time monosulphate and aluminium hydroxide continue to form, primarily from the amorphous 
phase and ettringite. 

The hydration sequences and periods detected in the suspension experiments were also found in the 
paste samples. Thus we could successfully link the results from experimental set-ups. This is 
especially of relevance, as calorimetry measurements of paste samples are commonly used to assess 
the hydration kinetics of ye’elimite based binders such as CSA or BYF. 

The experiments in paste typically show a single main hydration peak. However, this peak represents 
at least two overlapping precipitation reactions, beside the continuing dissolution of ye’elimite. This 
can be seen by increasing the w/b ratio together with the addition of inert quartz filler. The first 
reaction is the precipitation reaction of ettringite,  and amorphous aluminium hydroxide 
which starts directly after the contact with water and remains until the main hydration peak. This 
reaction causes the depletion of sulphate ions from solution in the gypsum-free sample, and the 
onset of the main reaction, which is the formation of monosulphate and gibbsite-like aluminium 
hydroxide. Increasing the w/b ratio, especially the presence of nucleation sites provided by the inert 
quartz filler, enhanced the formation of ettringite,  and amorphous aluminium hydroxide. This 
caused the faster depletion of sulphate ions, and thus the acceleration of the kinetics by the earlier 
onset of the monosulphate formation.  

These findings offer new insights into the hydration of ye’elimite-rich binders. The dissolution of the 
anhydrous phases, the formation of metastable hydrates and the different hydration periods could 
be successfully linked with the evolution of the solution. This knowledge could be used to improve 
the thermodynamic predictions of the hydration reactions and ultimately, the performance and 
stability of CSA and BYF concrete.  
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 Effect of gypsum on the hydration of ye’elimite  8.4

The impact of gypsum on the hydration of stoichiometric and iron-rich ye’elimite was studied in the 
first part of Chapter 0. Gypsum additions lead to the harmonisation of the hydration kinetics at all 
applied w/b ratios, ranging from 0.5 over 40 (paste) to 100 (suspensions), independent of the 
ye'elimite type used. Gypsum accelerates the hydration and modifies the hydrates assemblage by 
favouring the formation of ettringite rather than monosulphate.  

The rapid dissolution gypsum leads to a strong increase of the calcium and sulphate ion and decrease 
of the aluminium ion concentrations compared to the ye’elimite clinker (Chapter 5). These conditions 
favour the fast formation of ettringite, which keeps the aluminium ion concentrations in solution 
low. The evolutions of the calcium and sulphate ion concentrations are buffered by the steady 
dissolution of gypsum. In general, the evolution of the solution concentrations indicates that 
precipitation of ettringite continues as long as the high calcium and sulphate ion concentrations are 
maintained. On the contrary, the aluminium ion concentration steadily decreases throughout the 
“dormant” period. It is followed by the sharp drop of the calcium and sulphate ion concentration, at 
the point of gypsum depletion. Again the pH increases with the decreasing sulphate ion 
concentration. The following short increase of the aluminium ion concentration indicates the faster 
ye’elimite dissolution. Monosulphate starts to form. The distinction between different hydration 
periods, as done for ye’elimite alone (Chapter 5), was not possible in the suspension experiments 
due to a steady change in solution concentrations. However, they are clearly visible in paste. 

Using the results from the suspension experiments, we could assess the hydration kinetics measured 
in paste. The continuous higher heat release throughout the dormant period in Y+G and Fe-Y+G 
pastes compared to neat Y and Fe-Y could be explained by the steady dissolution of gypsum and 
ye’elimite, and the continuous formation of ettringite. The increasing the w/b and w/s ratios, 
strongly accelerate the hydration kinetics. Based on our findings presented in the Chapters 5 and 0, 
we were able to link the acceleration to the faster nucleation and growth of ettringite. Thus, gypsum 
will be depleted faster by the formation of ettringite, and the lower sulphate concentration in 
solution allows the continuing dissolution of ye’elimite. The point of the gypsum depletion detected 
in the suspension experiments, corresponds to the second heat peak release from the calorimetric 
curves.  

The results presented in the first part of Chapter 0 showed that it is possible to formulate stable 
cements with similar hydration kinetics by the addition of gypsum. The effect that is caused by the 
presence of iron can be mitigated or even suppressed.  
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 The chemical shrinkage evolution of neat ye’elimite and with gypsum 8.5

We investigated the chemical shrinkage of neat ye’elimite and the impact of gypsum in the second 
part of Chapter 0. The chemical shrinkage measurements indicated that a chemical expansion occurs 
for both binders. The expansion seems to be caused by the transformation of hydrates and the 
related release of the combined water. However, the chemical expansion observed was transitory, as 
the shrinkage and the bound water contents returned to their original values. The non-monotonous 
development observed experimentally cannot be explained by the evolution of the crystalline 
detectable phases, including the anhydrous phases and hydrates. We assume, that the chemical 
expansion is linked to the transformation and recrystallization of metastable amorphous phases such 
as aluminium hydroxide and , which causes the release of combined water. In addition, is 
possible the hydration state of monosulphate changes over time from e.g. a type with 16 molecules 
of bound water down to one with 12. The formation of metastable phases is kinetically favoured by 
the high solution concentrations, especially of aluminium ions, during the hydration and is typically 
followed by the transformation into more stable phases. 

SEM micrographs show that even for the applied high w/b ratio, the space was completely filled and 
that aluminium hydroxide is the main volume filling phase. In the case of the hydration of neat Y, 
monosulphate is intermixed with aluminium hydroxide. A better phase separation is evident in 
binders with gypsum. One possible reason for the high space filling potential could be the low 
densities of the phases such as amorphous aluminium hydroxide [244] and .  

The subsequent increase of shrinkage values to the original ones, could not be explained by the 
evolution of the anhydrous phases or the crystalline hydrates. One possible explanation is the 
swelling of the amorphous aluminium hydroxide “gel”. We assume that the chemical expansion and 
the release of the bound water create free space. The availability of space and water enables the 
uptake of water (e.g. by ad- or absorption) and consequently, the swelling of the not yet crystallized 
amorphous aluminium hydroxide.  

Understanding the cause of the chemical expansion could help to potentially correlate it with other 
experimental observations such as the presence of a strength plateau for CSA and BYF based 
cements. Furthermore, we could show that the chemical expansion could be significantly reduced by 
the addition of gypsum.  
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 Hydration of an iron-rich ye’elimite and effect of mayenite 8.6

As discussed in Chapters 5 and 6, polymorphism alone cannot explain the different hydration kinetics 
of stoichiometric ye’elimite (Y) and the iron-bearing solid solution (Fe-Y). First, the observed effect 
could be mitigated and even suppressed by increasing the w/b and w/s ratio. Secondly, in some cases 
no acceleration was detected for solid solution ye’elimite even when the cubic form was present. In 
Chapter 4 it was shown that mayenite was formed in the iron-rich ye’elimite clinker. In Chapter 7 we 
then investigated the impact of mayenite additions to neat Y, Fe-Y and to blends with gypsum. We 
could simulate the hydration kinetics of Fe-Y in paste by blending Y with synthetic mayenite. This also 
gives higher initial pH, the higher initial calcium and aluminium ion concentration as well as the 
almost identical hydration for Y and Fe-Y pattern at w/b ratios from 7.5 to 40. It therefore appears 
that the presence of small quantities of mayenite, rather than polymorphism, explains the different 
kinetics.  

The dissolution of mayenite, even if present in traces, proceeds during the first seconds to minutes of 
hydration. This was shown by the higher heat release (paste) as well as the higher aluminium and 
calcium ion concentrations (suspension). These conditions favour the fast nucleation and growth of 
ettringite, which is supported by the faster depletion of sulphate ions from solution. This also causes 
the higher initial pH for Fe-Y compared to Y, the earlier depletion of sulphate ions from solution and 
consequently, onset of the monosulphate formation. However, the effect of mayenite also depends 
on the added quantity (± accessibility). Too high additions of mayenite retarded the onset of the 
main hydration period, especially for Fe-Y. This retarding effect was less strong for the experiments 
carried out in paste compared to those in suspension. The addition of gypsum fully mitigates the 
retarding effect by accelerating the formation of ettringite.  

The low mobility of iron in solution, e.g. for the dissolution of iron-rich solid solution ye’elimite, 
resulted in the precipitation of iron-rich hydrates which are intermixed in the layer or “shell”, 
covering the anhydrous particles. The composition of the iron-rich phase(s) and its impact on the 
hydration kinetics remains unknown. 
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 General discussion 8.7

The formation ye’elimite containing clinkers and the hydration of cements made thereof is a very 
challenging field of research for several reasons. The mineralogical composition of CSA and BYF 
cements is often quite complex, partly due to the fact that the clinkers are formed under non-
equilibrium conditions. Furthermore, plenty of the formed minor phases are hydraulic reactive which 
alters the overall hydration. Such hydraulic reactive phases include for example calcium silicates, 
calcium aluminates, calcium ferrite, (calcium) alkali sulphates and other minor phases such as 
periclase of free lime. In addition, ye’elimite typically forms solid solutions, which further alter the 
hydration kinetics. These effects are amplified when using industrial by-products and wastes to 
replace virgin raw materials for the clinker production. CSA and BYF cements often exhibit different 
hydration kinetics and associated cement properties despite having similar characteristics in terms of 
chemical and mineralogical composition and fineness. The origin of these differences remains 
unknown. The same applies at least partly for the underlying hydration reactions. Thus, the 
measured performance in cement such as e.g. the strength development or volume stability often 
cannot be linked directly with the formed phase assemblage and its evolution. In that regard, little is 
known regarding the formation, composition and stability of one of the main hydration products, 
namely the amorphous phase(s). Understanding the origin of the different hydration kinetics, 
including the characterisation of the formed products, was the main motivation for this work. 

We could show that the clinker formation, microstructure as well as the composition and stability of 
ye’elimite is altered in the presence of iron. The partial replacement of aluminium by iron in the raw 
mixes resulted in an improved clinker burnabillity, as shown by the faster phase formation at all 
tested temperatures. This includes the faster formation of intermediate calcium aluminates, which 
further react with calcium sulphate to form iron-bearing ye’elimite. As reported earlier, 
stoichiometric ye’elimite has an orthorhombic symmetry at ambient conditions, whereas a cubic 
symmetry is stabilised by iron. However, a fraction of the iron-rich solid solution ye’elimite starts to 
decompose during the applied sintering period. The decomposition results in the volatilization of 
sulphur and the formation secondary phases such as krotite, mayenite and calcium ferrite. Our 
findings suggest that at least in the case of mayenite a part of it is present as an X-ray amorphous 
phase. This demonstrates that equilibrium conditions were not reached under the given 
experimental conditions.  

By studying the hydration of the stoichiometric and solid solution ye’elimite in paste and suspensions 
we could determine two main hydration reactions, define five periods and the main controlling 
parameters. The onset, duration and end of each period seem to be controlled by the solution 
composition. The hydration reactions and sequences are the same for stoichiometric and iron-rich 
solid solution ye’elimite but the kinetics vary. The differences in kinetics could be mitigated and even 
suppressed by increasing the w/b ratios in paste. Furthermore, in some cases no acceleration was 
detected for iron-rich solid solution ye’elimite, even when the cubic form was present. That 
demonstrates that the polymorphism alone cannot explain the differences. This brings us to the 
impact of the minor phases such as mayenite. We could reconstruct the hydration kinetics of 
iron-rich ye’elimite by blending stoichiometric ye’elimite with only 1 wt.% of synthetic mayenite. It 
therefore appears that the presence of small quantities of mayenite, rather than polymorphism, 
explains the different kinetics.  
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The effect of mayenite was explained by its rapid dissolution and the altered solution composition, 
favouring the nucleation and growth of ettringite. However, the addition of mayenite to the iron-rich 
solid solution ye’elimite caused the retardation of the main hydration peak. A similar retardation of 
the main peak was observed at very high water to binder ratios even for stoichiometric ye’elimite 
and with small mayenite additions. The addition of gypsum always led to a harmonization of the 
hydration sequences and kinetics, independent of the ye’elimite type, the presence of mayenite or 
the change of the w/b – w/s ratio. This is due to the fact that gypsum dissolves rapidly, causing 
instantly high calcium and sulphate ion concentrations, whereas the aluminium ion concentration is 
kept on a relatively low level.  

The assessment of the different hydration kinetics of stoichiometric and iron-bearing solid solution 
ye’elimite was a challenging task. Only by applying a multi-method approach and by connecting 
different material related aspects (e.g. the raw materials, clinker formation and hydration reactions), 
we were able to link the effect of iron to the observed variations in the kinetics. With the obtained 
insights we are now able to investigate in more detail complex materials such as CSA and BYF. 
Following studies need to address several aspects such as the materials history, process conditions 
and clinker composition (comprising the microstructure and elemental mineral composition), to 
correctly address the (origin of different) hydration reactions and performance characteristics. This 
includes detailed knowledge about the composition and treatment of the raw materials and raw 
mixes (e.g. fineness, and distribution within size fractions, homogeneity, presence of fluxes and 
mineralisers, etc.) as well as the thermal history (e.g. sintering temperature, dwell times,  and 

partial pressure, clinker cooling, etc.).   
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 Perspectives 8.8

We have shown that iron affects the ye’elimite formation and stability. However, ye’elimite is 
formed from the reaction of the intermediate calcium aluminates such as krotite with anhydrite. 
The presence of iron mainly accelerates the formation of krotite. But information is incomplete as to 
what extent iron alters the formation rate and stability of ye’elimite. To better understand this it 
would be interesting to synthesize stoichiometric krotite and iron-bearing solid solutions. These 
phases can then be used as components for the direct synthesis of ye’elimite without intermediate 
phases, but including the effect of the sintering temperature and time. By doing so all ye’elimite 
types should have the same thermal history and thus, it would be possible to better understand the 
role of iron on the formation rate and stability of ye’elimite. 

Besides iron, several other minor elements such as alkali, boron, chrome, manganese, titanium, 
phosphate and many others are reported for CSA and BYF as well. It is possible that some of these 
elements affect the formation, composition, stability and hydraulic reactivity of ye’elimite in the 
same way as iron. Additional systematic studies are needed to better understand those impacts, to 
be able to control or at the best avoid any negative impact such as the decomposition of ye’elimite, 
the volatilization of sulphur and the resulting formation of secondary phases. Such studies would lay 
the basis to investigate the even more complex reactions and interactions, when using industrial by-
products and waste for the production of CSA and BYF clinkers. Additionally, it is well known that 
several minor phases such as free lime, periclase, alkali sulphates and others can be present in such 
clinkers, depending on the choice of raw materials and the process conditions. These minor phases 
can affect the hydration reactions. For example, we briefly investigated the impact of free lime on 
the hydration kinetics in pastes and suspensions (see annex – a part V; Figure 8.8-57 to Figure 8.8-59 
and Figure 8.8-64). These experiments revealed some interesting similarities to the retarding effect 
of mayenite alone, or the acceleration when added together with gypsum. It would be of high 
industrial relevance to better understand those “similarities” which would enable the preparation of 
strategies, e.g. in the case free lime is present in the clinker, to maintain a stable cement quality.  

It was shown in this thesis that the evolution of the solution composition is the main factor 
determining the onset and duration of the hydration stages. The understanding of the effect of the 
solution composition on the dissolution precipitation reactions is therefore of high importance. For 
example, it would be good to develop methods, or determine parameters enabling the 
measurement of anhydrous dissolution and resulting nucleation (rate) of the hydrates. Several 
starting solutions, containing already e.g. aluminium, calcium or sulphate ion in different 
concentrations, could be prepared to study their impact on both, the dissolution of ye’elimite and 
the resulting precipitation reactions. Additionally, it would be also worth to check what would 
happen, if these ions are added during the different hydration stages. Would it be possible to retard 
or accelerate a reaction by increasing for example the aluminium or sulphate ion concertation? The 
obtained data could be implemented in thermodynamic databases such as used for GEMS to enable 
a better prediction of the hydration reactions. Another target could be, to minimize or even suppress 
the formation of metastable phases such as amorphous aluminium hydroxide and  to avoid 
any crystallization or transformation reaction. For example, the literature reports that sulphate ions 
cause the faster nucleation of an amorphous aluminium hydroxide but impede its crystallisation. On 
the contrary, tartaric acid is typically used to slow down or even suppress the nucleation of 
aluminium hydroxide.  
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It would be important to understand how different ions such as aluminium, calcium, sulphate 
interact in solution (formation of ion complexes, etc.), how the concentrations (e.g. representing 
different hydration periods) affect the interactions and what the effect of admixtures such as 
retarders is. The use of retarders such as borax, citrate, gluconate or tartrate was already reported 
for CSA and BYF cements. However, their working mechanisms, efficiency and effect on the 
formation of the metastable hydrates remain poorly understood.  

Another interesting study would be the effect of the temperature on the dissolution and 
precipitation reactions, especially with regard to the observed chemical expansion at 20 °C. We 
could link the chemical expansion to the transformation and recrystallization of previously formed 
amorphous phases such as aluminium hydroxide, which causes the release of combined water. 
Similar studies could be repeated at different temperatures such as 5, 40 or even 60 °C. This could 
provide further insight in the composition and stability of the formed hydrates. Based on this, the 
relationship between the time-temperature history, the crystallinity, hydration state, 
transformation rates, densities and bound water contents of hydrates and the subsequent space 
filling potential could be further investigated, including the microstructural evolution. This may also 
clarify whether a part of the chemical expansion is related to other phases such as monosulphate 
and its change of the hydration state. Such study is not only important to gain fundamental insights 
in the hydration of ye’elimite-rich binders, but is also of relevance for other alumina-rich binders and 
the application of such binders in different environments.  

The amorphous phase(s) form one of the main hydration products of ye’elimite-rich binders. The 
characterisation of their chemical and mineralogical composition would enable a higher precision 
when studying the hydration of e.g. CSA or BYF. This in turn may further enable a better 
determination and quantification of the metastable phases. This knowledge would be needed to 
measure any transformation and recrystallization process and to detect the parameters which cause 
their onset and rate. In that regard, some of the experiments carried out in this thesis should be 
repeated using insitu methods, e.g. avoiding the solvent exchange protocol. This would allow us to 
follow the hydration reactions, including any transformation causing e.g. a chemical expansion, 
without the formation of experimental artefacts resulting from the damaging of the hydrates. 
Further work should also focus on the microstructural evolution of hydrating cement, including the 
further assessment of the mechanisms of the chemical expansion and the impact of the (selected) 
filler additions such as quartz or e.g. limestone providing extra nucleation sites. The effect of iron 
(and its low mobility in the pore solution of hydrating ye’elimite, CSA and BYF) on the nucleation, 
growth, composition and crystallinity of hydrates should be further studied as well. It was shown, 
that monosulphate, formed in the Fe-Y samples, was damaged more profoundly by the solvent 
exchange method than in the Y samples. It would be important to understand the origin of this. 

Finally, it is desirable to transfer the collected results and knowledge to industrial 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. It can be even supplemented by investigating the impact of e.g. retarders on the 
selected phases or combinations of them. Those experiments can be compared to the results 
obtained with CSA and BYF cements produced on industrial scale. Applying the knowledge we gained 
throughout this thesis, we are now able to develop clinker and cement compositions for dedicated 
applications.  
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For example, if fast setting and high early strength is required for applications such as shotcrete, pre-
cast concrete or repair mortars, a CSA or BYF clinker with mayenite could be used together with a 
less soluble calcium sulphate such as hard burnt anhydrite. The formation of mayenite could be 
provoked by e.g. increasing the iron content in the raw materials and / or by increasing the sintering 
temperature or duration. On the contrary, if a long open time is targeted, the sintering duration or 
temperature should be optimized and strictly controlled to avoid the formation of mayenite, 
especially if iron-rich raw materials are used. Otherwise, gypsum could be added to mitigate the 
effect of mayenite. 
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 footprint associated with cement industry  

The carbon footprint of the cement industry will continue to growth despite the increasing efforts to 
reduce raw materials and process related  emissions during the production of OPC. This is simply 
related to the fact that the global cement demand will continue to growth as shown in Figure 8.8-1. 
The main drivers for this development are mainly India and several developing countries in Africa and 
South America. The prediction of the evolution of the global cement demand is of particular interest, 
considering the global  uptake or binding potential. 

 
Figure 8.8-1 Global cement production until 2015 and prediction for 2050 based on the data from the World Business 

Council for Sustainable Development (WBCSD); https://www.wbcsdcement.org/ (checked 07-2017) 

 

  



Annex 

 
168 

Process optimization 

Various measures are already implemented or under testing in modern cement plants to reduce the 
specific (fuel) energy consumption and / or to capture and potentially reuse emissions wherever 
possible: Various measures are already undertaken and under continuous improvement [258] [259] 
[260] like for example: 

 Conventional and advanced energy and emission reduction options for clinker production 
like improving the thermal efficiency of kilns by oxyfuel and waste heat recovery 
technologies  

 Modernizing and or optimizing installations like heat exchanger or burner, etc. to increase 
the kiln capacity of existing plants simultaneously with the reduction of the specific energy 
consumption per tonne of clinker  

 Use of fluxes and mineralizers to potentially decrease the specific energy consumption and 
enhance the clinker reactivity 

 Increasing the share of alternative raw materials and fuels, including biomass, sewage sludge 
as well as the use of e.g. solar and wind energy  

 Developing Carbon Capture and Storage (CCS) and / or Carbon Capture and Reuse (CCR) 
technologies, including “Power-to-gas” (i.e. formation of ) and “Power-to-liquid” (i.e. 
formation of ) approaches 

 Optimizing existing and introducing novel grinding technologies, including the use of grinding 
aids 

 Optimizing the grinding procedures of raw materials (e.g. grindability and fineness versus 
burnabillity), clinker and cement, supplementary cementitious materials, including separate 
grinding to adjust the optimum PSD according to the targeted hydration behaviour 

Despite all the efforts most technologies or approach are lacking a real applicability due to too high 
costs and / or limited environmental benefits [259]. Another aspect, related to the use of fluxes, 
mineralizers, alternative or waste fuels and raw materials, is the increase of the sum of minor and 
traces elements in the final clinker. Such “contaminants” can be incorporated into the cement phases 
forming broad ranges of solid solution [261] [262] which may lead to a decreasing clinker and cement 
quality [263] [264]. The decreasing quality mainly results from the presence of too high contents of 
potentially several minor constituents like heavy metals, chloride, fluorine and phosphate which in 
sum can affect the clinker mineral formation and mineral reactivity. To compensate for this drawback 
more energy needs to be invested for the finer grinding of the cement and / or by the higher cement 
dosage in concrete. Both measures would again nullify the initial environmental benefit.  

Due to the before mentioned factors, strong limitations in further efficiency and costs improvements 
are obvious. Another opportunity to optimize processes is on the construction site. The use of 
advanced cement and concrete technology like low clinker and / or ultrahigh performance concrete 
[265] could offer some potential to measurably reduce process related  emissions of OPC. Such 
solutions are already implemented when possible and economically feasible and reasonable. 
However, such approaches are often lacking suitable materials or skills of the users and / or would in 
consequence result in too high costs (for special admixtures and on-site support by experts). Another 
drawback is related to the lower fire resistance and in that regard, limitations regarding fire safety 
regulations.  
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Belite-containing CSA 

Belite-rich (dicalcium silicate,  or ) CSA-type clinkers gained increasing interest as they 
can be produced from industrial wastes and by-products [56] [59] [60] [63]. The advantages of using 
BYF, beside energy and  savings, are the lower dependence on expensive bauxite, the higher 
flexibility for the use of silica- and iron-rich by-products or wastes and the broader range of clinker 
compositions which can be produced. The cement industry is working on the industrial production 
and commercialisation of those clinker types [27] [26]. For example, Mehta [12] provided 
compositional ranges of BYF cements and their reasonable good strength development (see Table 
8.8-1). 

Table 8.8-1 Cement composition versus performance (data taken from [12]) tested in mortar according to ASTM C109; 
n.d. = not determined 

  
Rapid 

hardening 
Normal 

hardening 
Slow 

hardening 

Mineralogical composition (%) 

Belite  25 30 45 50 65 
Ye’elimite  20 20 20 10 10 

Ferrite  40 30 15 30 15 
Anhydrite  15 20 20 10 10 

Compressive strength development (MPa) 

 1 d 34.8 28.3 9.5 5.6 5.2 
 3 d 36.9 33.8 19.3 7.6 8.9 
 7 d 37.4 37.7 27.4 11.7 12.4 
 28 d n.d. n.d. 49.8 14.1 14.5 
 90 d n.d. n.d. n.d. 21.4 22.4 
 120 d 51.8 53.8 86.2 n.d. n.d. 

Over the period of years several names and acronyms were used to label such CSA and belite-rich 
CSA clinkers:  

 Calcium sulphoaluminate “CSA” and sulphoaluminate cement clinker “SCC”  
 Belite sulphoaluminate “BSA” or belite calcium sulphoaluminate (ferrite) “BCSA(F)” 
 Belite ye’elimite ferrite “BYF” and belite ye’elimite ternesite “BYT” 
 Belite calcium sulphoaluminate ternesite “BCT” or “Ternocem®” 
 Calcium sulphoaluminate belite “CSAB” or Sulphoaluminate belite “SAB”  
 Sulphoaluminate cement “SAC” and ferroaluminate cement “FAC” 
 (Belite) Alite calcium sulphoaluminate (ferrite) “(B)ACSA(F)” 

  



Annex 

 
170 

Energy and  savings by CSA and BYF 

The environmental benefits of the CSA / BYF technologies can be mainly summarized as follow: 

- Ye’elimite releases during its synthesis only about 37 % of the  compared to alite [25] 
and a part of calcium is originating from the added calcium sulphate  

- The firing temperature takes place at about 200 °C lower than for PC clinker [25]  
- Industrial by-products and wastes can be used primary raw materials [59] [63] 
- The clinkers are easy to grind [25] 
- For similar raw material related  savings, for example comparing slag or fly as Portland 

composite with BYF cements, a similar final but by far superior early age strength can be 
achieved [25] [60] 

Other major phases, typically present in 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 various parameters like for example the raw 
mix design (amounts, types and composition of materials), targeted clinker compositions also in 
correlation to the process conditions [12] [34]. When comparing the clinker minerals and their 
associated  footprint it becomes obvious that the combination of ye’elimite, belite (ternesite) 
and brownmillerite offers high potential for  saving compared to PC (see Table 8.8-2). 

Table 8.8-2 Raw material related emission of  related to the production of stoichiometric phases and using  
and others; adopted from Gartner [1] 

  g /g phase 
Reduction of 

% /g phase 
Alite  0.578 Reference 
Belite  0.511 11.6 
Wollastonite  0.379 34.5 
Ternesite  0.366 36.7 
Ye’elimite  0.216 62.6 
Krotite  0.279 51.8 
Mayenite  0.381 34.1 
Tricalcium aluminate  0.489 15.4 
Brownmillerite  0.363 37.4 

A comparison of PC and BYF cement (  53%;  18%;  12% and  15%) was done by 
Alaoui et al. [266] and revealed the high potential for energy and  savings (see Table 8.8-3). 
Those assumptions were supported by industrial scale trial results [25].  

Table 8.8-3 Comparison of the raw meal  emission and energy demand of producing PC and BYF, modified from [266] 
and including data from [25] 

Parameters PC BYF 

CO2 emitted per ton clinker 535 kg/t 305 kg/t 
(-43%) 

Specific heat consumption during clinkering1 3.845 GJ/t3 3.305 GJ/t 
(-14%) 

Energy for crushing and grinding3 45-50 kWh/t 20-30 kWh/t 
(-40%) 

Compressive Strength [MPa] 28d 
w/z 0.5, ~3000 Blaine 40-70 30-60 
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Anhydrous phases (extended) 

Ye’elimite also called calcium sulphoaluminate or the Klein’s phase ( ) is a 
mineral belonging to the sodalite family. Ye’elimite represents a special pure aluminate sodalite 
which further contains mainly calcium instead of sodium. Ragozina [267] prepared the first synthetic 
ye’elimite by sintering a mixture of tricalcium aluminate and gypsum at 1200 °C within the 
composition ranges of . Klein and Troxell [47] synthesised ye’elimite from 
reagent grade materials (portlandite, calcite, gypsum, aluminium sulphate) and using a sintering 
temperature of 1350 °C. Based on their analyses and mass balance calculations they proposed a 
composition in-between  to . The term Klein’s phase, when referring to ye’elimite or 
CSA, was founded. The exact stoichiometry of ye’elimite was later correctly identified by Fukuda 
[268]. Based on the stoichiometry, Halsted and Moore [269] allocated ye’elimite within the sodalite 
group. The first use of ye’elimite-bearing clinkers as hydraulic cement was described and patented by 
Klein and Troxel [47] [48]. The cage-like structure is formed from a framework of corner-linked  
tetrahedra. Those form four-member-rings in (100) and six-member-rings in (111) direction [67] [68] 
in which sodium is typically present as the cage cation. The sodalite group can presented by the 
general formula  (with  and ) (see Homeyer 
[69] and Depmeier [67] [68]) with:  

 are large and low charged caged cations; ,  

 are tetrahedral coordinated framework-building cations; and  

 are caged anions; .  

The aluminate sodalite ye’elimite is characterized by a  framework [67] [68], together 
with one or more divalent, potentially also some monovalent, cation(s) and a tetrahedral shaped 
oxyanion . The derived chemical general formula for ye’elimite would be accordingly: 

. The arrangement of the framework is very flexible and can adopt its structure 
(e.g. by rotation and tilting of the  tetrahedra) and size in dependence of the size of the cage 
cations and anions [67] [68] but needs to maintain the charge balance. The excess charge of the 

 framework is balanced by caged  and . 

Iron can substitute the alumina within the crystal structure of ye’elimite forming a broad 
composition range of iron-bearing solid solutions [184] [185] [193]. The extent of the substitution of 

 by  within the crystal lattice of ye’elimite and the temperature range(s) of stability remain 
a matter of debate. Previous investigations reported the formation of  in a temperature range 
of 1100 to 1150 °C [194] or 950 to 1205 °C [270]. Other groups did not observe the existence of a 

 phase and reported a maximum isomorphic substitution within a solid solution of 
 by  of 1.3% up to 10.3% corresponding to x between 0.05 and 0.40) [62] [185] [193] [271], or 

even up to 25.% (x ~ 1.05) [192] [272]. Synthetic ye’elimite has orthorhombic symmetry at room 
temperature [35] [36]. The partial substitution of  by  within the crystal structure stabilizes 
the (pseudo-) cubic symmetry at ambient temperatures [35] [39] [72]. In a recent paper [273] the 
effect of the formation of a complex solid solution of ye’elimite; , on the 
polymorphism was investigated confirming the earlier findings. 
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Stoichiometric ye’elimite reveals phase transitions starting from the cubic symmetric at high 
temperatures to an orthorhombic symmetry at room temperature [36] [70] [71]. Several research 
groups reported the possible stabilization of a pseudocubic symmetry by incorporating foreign ions 
[34] [35] [39] [72]. Table 8.8-4 provides an overview about existing structures. A real cubic symmetry, 
independent of doping, can only be maintained at temperatures above 800 °C [70] [72].  

Table 8.8-4 Overview of existing ye'elimite structures; adopted from [186] 
Symmetry Space group Lattice parameter Reference Year 

Cubic I 4132  = 18.390 Å Halstead and Moore [269] 1962 
Cubic I 23  = 9.190 Å Kondo [274] 1965 
Cubic I 3m  = 9.205 Å Saalfeld & Depmeier [275] 1972 
Cubic I 3m  = 9.022 Å Brenchley & Weller [276] 1992 

Tetragonal P c2  = 13.031 Å 
 = 9.163 Å Zhang et al. [277] 1992 

Tetragonal P 41 & P 4122  = 13.030 Å 
 = 9.161 Å Krstanovi et al. [278] 1992 

Orthorhombic P cc2 
 = 13.028 Å 
 = 13.037 Å 
 = 9.161 Å 

Calos et al. [279] 1995 

Orthorhombic P cc2 
 = 13.025 Å 
 = 13.025 Å 
 = 9.155 Å 

Cuesta et al. [36] 2013 

Cubic I 3m  = 9.243 Å Kurokawa et al. [70] 2014 
Cubic I 3m  = 9.197 Å Cuesta et al. [72] 2014 

Anhydrite ( ) is typically present as a minor phase in CSA and BYF [33] [37] clinkers as well as in 
synthetic ye’elimite (Chapter 4 and annex – part IV). Originally, Posnjak [280] proposed a 
nomenclature based on Greek prefixes; ,  and , in the order of the 
higher to the lowest (stability) temperatures. As this order was debated to contradict the general 
mineralogical usage of the Greek prefixes [281], it was proposed to use the labels anhydrite I, II and 
III [282].  

Anhydrite III, also called “soluble anhydrite”, is the metastable low temperature phase, i.e. formed 
above 100 °C, and presents the most soluble type [99] [283]. Anhydrite III further can be 
differentiated as  and anhydrite where both forms are have an orthorhombic lattice. The 
solubility at 20 °C in water is about 8.8 g/l and 6.7 g/l for the  and anhydrite. Anhydrite II is 
the stable and less soluble type which is formed at calcination temperature above 200 °C [99]. It has 
an orthorhombic lattice and a solubility of about 2.7 g/l.  

For the present study anhydrite I, i.e. , is the most important type as it is typically present 
up to about 5% in the synthetic ye’elimite clinkers. Anhydrite I is only formed and stable above 
1180 °C [99] and has a trigonal lattice. So far no information about its solubility was found. The 
reason therefore is likely to be linked to the reduced dissolution rate and the solubility of gypsum 
which is about 2.2 g/l. Generally speaking, it is well known that the solubility of anhydrite decreases, 
with one exception, by increasing the calcination temperature [284]. The results presented in 
Chapter 5 and annex – part V support this, as the anhydrite does not participate, i.e. dissolve, up to 
about 4 to 6 hours of hydration. One can assume that the solubility of anhydrite I dissolve too slowly 
and its solubility basically equals the one of gypsum. 
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Another important aspect of anhydrite is its thermal stability which was investigated by several 
researchers [100] [101] [102]. Nielsen et al. [101] and Hoteit et al. [102] could show the correlation 
between the thermal stability of anhydrite and the composition of the gaseous atmosphere. The 
authors could show that anhydrite is relatively stable under oxidizing conditions till about 1300 °C. 
Contrary, the decomposition of anhydrite starts from around 1100 °C under reducing conditions. 
Increasing temperatures always accelerates the decomposition process. The decomposition of 
anhydrite always goes hand in hand with the volatilization of sulphur and the formation of free lime. 

SoA – Cement classes and properties  

The classification of CSA clinker types is shown in Table 8.8-5. 

Table 8.8-5 CSA family (typical ranges) 

CSA BY(T)F 

Ye’elimite > 
belite 

Ye’elimite > 45% 
Belite (± ternesite) > 

Ye’elimite 
Belite (± ternesite) > 45% 

Sulphoaluminate 
Sulphoaluminate 

ferrite 
Belite sulphoaluminate 

Belite sulphoaluminate 
ferrite 

Belite 0-30% 
Ferrite < 5% 

Belite 15-30% 
Ferrite 15-40% 

Ye’elimite 20-45% 
Ferrite < 10% 

Ye’elimite 20-45% 
Ferrite ~ 10-40% 

ACSA    

Ye’elimite > alite Alite > ye’elimite   

PC – Sulphoaluminate   

Alite 10-30 
Ye’elimite 30-60% 

Alite 30-60 
Ye’elimite 5-20% 

  

Several types of CSA / BYF are already on the market or under investigation by the cement industry. 
Regarding commercial available products the following producers are known: 

 Tangshan Polar Bear Building Materials Co. Ltd: CSA-based products 
o Several CSA clinker types (SAC and FAC) with and without calcium sulphate 
o Compositions in accordance to the Chinese standard GB 20472-2006 

 (Former) Italcementi S.p.A. “i.tech® ALI PRE / ALI CEM”: CSA-based products  
o CSA ± with calcium sulphate and PC; ETA available [285]  

 Buzzi Unicem S.p.A. “Next”: CSA-type 
o CSA ± with calcium sulphate and PC; ETAs available [286] [287] 

 Vicat “Alpenat®”: BYF-type 
o BYF ± with calcium sulphate; ETA available [288] 

  Caltra Nederland B.V. “BeliCem® / Calumex®”: CAS and BYF-based products 
o CSA / BYF ± portlandite and calcium sulphate as additive for PC 

 CTS Cement “Rapid Set®”: BYF-based products 
o BYF ± with calcium sulphate and PC 

 Bluey Technologies Pty Ltd. “BluCem®”: CSA-type 
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Several cement companies are working on the development of the clinker production, formulation of 
cements and the use in concrete. Those are: 

 (Former) Lafarge “Aether®”: BYF-types  
o Several patents filled 

 HeidelbergCement “Ternocem®”: BYF-types 
o Several patents filled 

 Cemex: CSA-types 
o One patent filled 

The compressive strength of CSA / BYF cements is typically controlled by the used clinker type and 
the blending with calcium sulphate. The rate of ettringite formation, and in that respect its 
subsequent impact on general hydration reactions and kinetics, is dependent on the rate of the 
calcium sulphate dissolution [136]. Other related parameters are the applied w/c ratio [12] [50] and 
on the use of admixtures like retarders [32]. The strength gains during the early hours of hydration is 
controlled by the dissolution of ye’elimite and (added) calcium sulphate which in consequence 
results in the massive and rapid formation of ettringite together with poorly crystalline aluminium 
hydroxide [50] [114] [133]. On the contrary, the strength gain is initially lower in the absence of 
calcium sulphate, as the main hydrates are monosulphate and poorly crystalline aluminium 
hydroxide [32] [114]. The optimum calcium sulphate content, with regard to the strength 
development and volume stability, for CSA and BYF based cements depend mainly on the quantity of 
ye’elimite. CSA cements develop a high early compressive strength but show a relatively low or even 
no further increase. Several authors attributed this to the fast consumption of free water, the filling 
of the free space with hydrates and in consequence, significant quantities of unreacted phases like 
belite, ferrite, anhydrite and even ye’elimite persist intermixed in the hydrated microstructure [50]. 
The hydration belite and the ferrite phases strongly depends on the applied water to cement ratio 
and the amount of added calcium sulphate [127] [251]. Belite typically starts to react already during 
the first twenty four hours of hydration [32] [33] but contributes typically measurably to the cement 
performance from seven days of hydration or often even only after twenty eight days on [114]. The 
contribution of the ferritic phases depends on the applied w/c ratio and sulphate content but 
typically occurs mainly after twenty eight or even ninety days of hydration [32].  

Hydration kinetics of aluminate phases  

The calcium aluminates, including ye’elimite, hydrate at different rates, where the hydraulic 
reactivity decreases as the content of calcium oxide decreases. This order of the hydraulic reactivity 
and the respective calcium content of the phases is shown in below Figure 8.8-2. 

 
Figure 8.8-2 Order of hydraulic reactivity and CaO phase content 
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Hydrates  

Ettringite, often referred to alumina ferric oxide tri-sulphate using the abbreviation AFt, is a well-
known phase for the cement industry. It is almost always present in hydrated cement and often the 
fresh properties of mortar and concrete are related to the formation of this phase. Ettringite is a 
member of the hydrated calcium aluminate family with the formula  
( ). Ettringite has a trigonal symmetry [175] [289]. The morphology comprises hexagonal 
prisms ranging from thick elongated, well defined tabular forms, over ideal short to elongated, six-
sided and hexagonal prims to clusters of fibrous- or needle-like crystals. The morphology depends on 
several parameters such as the solution concentrations, the formation rate, pH [290] [291] [292], or 
the water content [293]. The structure of ettringite is based on the columns and channels [289]. The 
columns are composed of alternating groups of edge-sharing  octahedra and triangular 
groups of  polyhedra. Each calcium atom is coordinated with from four water molecules and 
four  ions, giving the cylindrical shape. Both groups are connected via the  ions. The 
empirical formula of such a column is  and they are aligned in parallel to 
the c-axis. Sulphate ions and zeolitic water fill the channels in-between the columns [175]. The zeolitic 
water is only loosely bound and can be easily removed [294]. Due to this open structure with “filled 
channels”, the composition of ettringite is very variable and several solid solutions are known. The 
double charged sulphate anion can be partially substituted by e.g. , ,  and others 
[295] [296]. Literature also reports the substitution of aluminium by iron [297] [298] [299].  

Monophases, often referred to alumina ferric oxide mono- using the abbreviation AFm, is another 
family of phases also very well-known for the cement industry [73]. Especially the member 
monosulphate, often referred monosulphate or monosulphoaluminate and labelled “Ms-AFm”, is of 
importance. Monosulphate and other AFm phases are typically formed at later hydration ages once 
sulphate is depleted. Monosulphate has a trigonal symmetry and typically precipitates with a 
hexagonal plate-like morphology. The general formula is  being X a monovalent anion (e.g. 

,  and ) or half a divalent anion (e.g.  and ) [242] [300] [301]. AFm-
phases belong to the family of lamellar or layered double hydroxides. The main layers are composed 
of positive charged  units where the negatively charged interlayers are filled with the 
anions and interlayer water. The substitution each third calcium atom by the smaller alumina atoms 
distorts the structure of the main layer and in consequence allows each calcium atom to coordinate 
with the oxygen atom of the interlayer water together with its six coordinated  groups [73] 
[229]. The interlayer water is only loosely bound and can be easily removed [229]. Different anions 
can be simultaneously present in the interlayer. In the case of monosulphate several solid solutions 
are known where the carbonate-, namely monocarboaluminate and hemicarbo-aluminate, and 
chloride-bearing ones, namely monochloride or Friedel’s salt, are most common ones. Another AFm 
phase of particular interest is monocalcium aluminate decahydrate  (

).  is a metastable hydrate which typically occurs as one of the main initial hydration 
products of alumina-rich cements like CAC and synthetic clinker phases [73] [120].  has a 
hexagonal symmetry. It was often described a hexagonal platelet-like crystals where so far not 
micrographs, e.g. of fractured surfaces which could reveal the morphology, are reported to the best 
of our knowledge.  
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Several types of aluminium hydroxides are known where the two main types can be differentiated, 
namely oxy-hydroxides and tri-hydroxides. The group of oxy-hydroxides included diaspore 

 (  around 3.38 g/cm³) and boehmite  (  around 3.03 g/cm³). The group 
of tri-hydroxides includes gibbsite  (  around 2.40 g/cm³), bayerite (  (  
around 2.53 g/cm³). and nordstrandite ( . Recently, Cuesta et al. [244] recently reported 
the formation of an aluminium hydroxide gel (i.e. type 1 ), with a 
density of about 1.48 g/cm³ in hydrated synthetic ye’elimite. Aluminium hydroxide which is formed 
during the hydration of alumina-rich cements like CAC, CSA and BYF is typically amorphous, 
sometimes called “alumina” gel [114] [122]. Further information are provided in Chapter 6  

Hydrates – Crystallinity, (meta)stability and hydration states  

The rapid hydration of ye’elimite may cause the formation of several metastable hydrates and in 
consequence a phase assemblage and matrix prone to transformation and recrystallization reactions. 
Such reactions may increase the sensitivity of the matrix to volume changes, cracking and others. 
Metastable phases are of higher energy than the stable ones (typically gel-like, nano or 
microcrystalline phases with higher a specific surface area and higher surface energy) which in 
consequence creates the driving forces for the transformation (via dissolution) to stable phases. This 
process is called “Ostwald ripening” or “Ostwald Rule of Stages” [106]. The onset and rate of such 
transformation depends on various parameters like the solution concentrations, pH, time and 
temperature. The following points have to be considered regarding the aspects like crystallinity, 
morphology and the thermodynamic stability of the formed hydrates in hydrated alumina-rich 
cements: 

 Rapid dissolution and in consequence rapid increase of solution concentrations 
 Alkalinity  
 Temperature  
 Water vapour pressure in correlation with the temperature  
 Potential impact of carbonation  

  



Annex 

 
177 

The quantitative X-ray diffraction (QXRD) is based on the Rietveld refinement during which several 
“least squares refinements” are done to reach the best possible fit between the measured and 
calculated pattern. This is achieved by changing iteratively the e.g. crystal structure and global profile 
(.e.g. background, zero shift and sample displacement) parameters. Several indices exist to express 
the quality of the fit between observed and calculated patterns. Values which are commonly used 
are the reliability factors (R-factors). Several R-factors can be used like the unweighted profile R-
factor (Rp), the weighted profile R-factor (Rwp) and the expected R-factor (Rexp). These values 
compare the observed ( ) and calculated ( ) intensities at any given measurement point.  

Equation 16 without background correction:  

Equation 17 with background correction: ; with the background intensity   

Equation 18 without background correction:  

Equation 19 with background correction:  

Equation 20  

The values N and P represent the sum of measurement points and of refined parameters, 
respectively. Another parameter to express the quality of the refinement is the goodness of fit (GOF 
or ). 

Equation 21  =  

Despite the numerical presentation of the quality of the fit, the difference between the observed and 
calculated pattern is typically also presented in a graph. This further helps to assess the quality of a 
refinement by visual inspection and to determine whether e.g. other (minor) phases are present or 
wrong structural models are used.  

Thermodynamic modelling is a powerful tool to understand the dissolution of minerals, including 
cement phases, and to predict the formation of the solution composition and of the hydrates. The 
basis for the thermodynamic calculation is the minimisation of the free enthalpy ( ) or Gibbs free 
energy in the system according to Equation 22. This process described the driving force or measure 
of voluntariness for a process to start. 

Equation 22   

where  is the internal energy,  is the pressure,  is the volume,  is the enthalpy, T is the 
temperature and  is the entropy.  

   Favourable or spontaneous reaction 
   In equilibrium 
   Unfavourable or non-spontaneous reaction (forced process) 
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As mentioned above, GEMS also accounts the impacts the interactions of the ionic species which is 
based on the chemical potential ( ) and the number of particles ( ) involved. By including these 
factors one would derive the generalized equation below.  

Equation 23   

where  is the equilibrium constant and is based on the mass action law for chemical reactions: 

Equation 24   

As an example, we can express the dissolution or formation reaction of ettringite as follows: 

Equation 25  
 

Following the equation given above, the solubility product “ ” is: 

Equation 26   

The given equation for the solubility product of ettringite already highlights the strong impact of the 
ion species. The activity calculations and corrections for the ion interactions are based on the Davies 
Equation shown below: 

Equation 27   

Where  is the activity coefficient for ion “ ”,  is a water and temperature dependent constant,  is 
the charge of the specific ion and  is the ionic strength of the solution at a given concentration. The 
ion activity products (IAP) of the hydrates can be calculated from the activities obtained by Equation 
17. The summary of the parameters is shown in Table 8.8-6.  

Table 8.8-6 Summary of parameters 

Reaction   

Solubility product Ks  

Ionic activity product 

(incl. activities) 
IAP  

Activity coefficients   

Saturation index SI  

Effective saturation SIeff 
 

 

[] concentrations; {} activities 
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The calculation of the theoretical chemical shrinkage is based on the determined degree of 
hydration (DoH) of the anhydrous clinker minerals. The DoH is based on QXRD and TGA analyses as 
explain in more detail in section. Mass balance calculations are used to distribute the elements, e.g. 
from the dissolution of the anhydrous clinker phases, to a selected hydrate assemblages which can 
include ettringite, monosulphate, ,  and . Knowing the densities ( ) of the 
anhydrous phases and the hydration products, the chemical shrinkage can be calculated (see 
Equation 28 to Equation 30). 

Equation 28   ;  

Where:  is the chemical shrinkage of the mineral or cement (m),  

  and  are the specific volumes of water and the phases, respectively and  

  is the volume of hydrates per g of consumed mineral according to Equation 29 

Equation 29  ; 

Where the sum of all hydration products (h) is calculated using:  

  and  represent the stoichiometric coefficient and the molar masses of the 
individual phases and  

  is the density of the formed hydrate.  

Finally, to calculate the chemical shrinkage for each DoH the quantities of released elements were 
calculated, i.e. assuming the stoichiometric compositions of the phases (i.e. , ,  
and ) and fully distributed between the hydrates. Knowing the hydrates assemblage the chemical 
shrinkage can be calculated accordingly. 

Equation 30   

Where:  the DoH of a specific anhydrous phase is represented as  and  is the initial weight 
of the phase. 

A simplified example for the theoretical full hydration of ye’elimite: 

Hydration reaction:  

Table 8.8-7 Theoretical reaction of ye'elimite during cement hydration 

 Mol. Wt. 
(g/mol) 

Density 
(g/cm³) 

Mol. Vol. 
(cm³/mol)   

Reactants   

 
 

Sum 

610.25 
324.28 
934.53 

2.61 
1.00 

 

233.81 
324.28 
558.09 

 
 

=  

 

Products   

 
 

Sum 

622.52 
312.01 
934.53 

1.99 
2.40 

 

312.82 
130.01 
442.83 

 
 

=  

 

   115.26 =   20.7% of reactants  
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The difference between  and  represents the volume of shrinkage, i.e.  
expressed in cm³/mol. By further relating the calculated shrinkage volume to the original mass of 
solids it is possible to derive the chemical shrinkage according to Equation 31: 

Equation 31   for  

Accordingly, Equation 30 can be expressed as . 

Mass balance, phase assemblage, volume and density calculations were based on the determined 
phase assemblage at a given hydration degree (see Table 8.8-8 and Table 8.8-9). 

Table 8.8-8 Example for the starting composition used for the mass balance calculation  

Oxides 
Mol. Wt. 

Phases 
Mol. Wt. Oxide composition 

g/mol g/mol g/100g 
    C A F  S H 
 (C) 56.1  (Y) 610.3 36.8 50.1  13.1   
 (A) 101.9  (Fe-Y) 621.8 36.1 45.9 5.1 12.9   
 (F) 159.7  (-) 158.0 35.5 64.5     

 ( ) 80.0  (-) 260.0 21.6 78.4     
 (S) 60.1  (-) 1386.6 48.5 51.5     
 (H) 18.0  (-) 136.1 41.2   58.8   
   (Et) 1255.1 26.8 8.1  19.1  45.9 
   (Ms) 622.5 36.0 16.4  12.9  34.7 
   (-) 78.0  65.3    34.6 
   (Qz) 60.1     100  

A simplified example for Y at w/b 0.5 and after 48 hours of hydration: for the composition of the 
X-ray amorphous and crystalline not detectable (ACn) fraction.  

Table 8.8-9 Example of the calculated composition of the bulk sample 

 Starting composition - Y at w/b 0.5 Hydrated composition after 48 hours of 
hydration 

 Mineralogy Composition Mineralogy Composition 

 Paste 
composition Normalized Oxides Paste 

composition Normalized Oxides Diff. 

 Wt.% g/100g  g/100g Wt.% g/100g  g/100g 
Y 87.9 58.6 C 24.6 19.5 13.0 C 13.2 11.5 

 5.1 3.4 A 31.7 3.0 2.0 A 11.6 20.1 
 0.3 0.2  10.3 0.0   6.9 3.4 

 6.7 4.5 H 33.3 4.8 3.2 H 14.4 19.0 
Et     16.3 10.9    
Ms     14.4 9.6    

     3.1 2.1    
ACn     80.9 53.9    

H 50.0 33.3   8.0 5.3    
Total 150.0 100.0   150.0 100  46.1 53.9 
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The difference (Diff.) represents the chemical composition of the amorphous fraction (ACn). 

Table 8.8-10 Example of the calculated composition of the amorphous phase 

 Normalized ACn composition 
 With H Without H With H Without H 
 g/100g Mol/100g 

C 21.2 32.7 0.4 0.6 
A 37.3 57.7 0.4 0.6 

 6.3 9.8 0.1 0.1 
H 35.2  2.0  

Total 100.0 100.0   

The results of such calculations are visualized in Figure 8.8-20, Figure 8.8-23 and Figure 8.8-45 to 
Figure 8.8-47.  
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Raw materials and mixes: Only reagent grade materials from Merck KGaA were used throughout the 
study. For S1 and S2, gypsum from Bernd Kraft was used, which did contain some magnesium oxide 
impurities. For the series S3 very pure gypsum from Merck was used. In case of S1 and S2, the 
gypsum was tempered for 2 hours at 700 °C to produce anhydrite which was afterwards used as raw 
material. For S3 the reagent grade gypsum was used as received. The raw mix designs are presented 
in Table 8.8-11. 

Table 8.8-11 Raw mix designs 
       
  (wt.%) 

 S1 
Y 38.34 39.06  22.60   

Fe-Y 37.78 35.92 4.02 22.28   
Na-Fe-Y 33.92 34.56 3.87 19.78  7.87 

 S2 
Y 38.34 39.06  22.60   

0.05Fe-Y 38.20 38.27 1.02 22.52   
0.08Fe-Y 38.12 37.79 1.62 22.47   
0.2Fe-Y 37.78 35.92 4.02 22.28   
0.4Fe-Y 37.24 32.88 7.92 21.95   
0.8Fe-Y 36.21 27.05 15.41 21.34   

 S3 
Y 36.39 37.07   26.54  

Fe-Y 35.89 34.12 3.82  26.18  
 

The compositions of both the raw materials used and the chosen mixes are presented in Table 
8.8-11. The raw mixes of the series 1 (S1) are designed to achieve a stoichiometric pure phase, i.e. 
100% ye’elimite, whereas the mixes from series 2 (S2) and series 3 (S3) should give a clinker 
composed of 95% ye’elimite and 5% of excess anhydrite. Higher anhydrite content was targeted to 
compensate for the potential volatilization of sulphur, observed for S1. The raw mixes of S2 were not 
analysed and we have no sample left. The differences in the targeted mineralogy of S1 and S3 can be 
seen by the higher  content and lower  and  contents in S1 compared to S3. The excess 
of 5% anhydrite was targeted to compensate the potential volatilization of  throughout the 
sintering. The XRF analyses of the alumina and iron sources are above 100 % as their element 
contents are out of calibration range for the standardized alumina and iron-carriers.  

The PSD of the used raw materials and chosen raw mixes is shown in Figure 8.8-3. Unfortunately, no 
analyses of the S2 raw mix are available. The alumina and sulphate source are relatively coarse 
compared to the already fine calcium carbonate or iron oxide. Tests were made with the alumina and 
sulphate sources as received in the S1 and S2 series. Later the alumina and sulphate sources were 
ground to a d90 < 40 m for the series S3. The S1 raw mix has a higher content of the fraction above 
10 m compared to the S3 raw mix due to the use of the coarse materials.  

  



Annex 

 
183 

Table 8.8-12 Measured chemical composition of the raw materials (for all synthesis campaigns) and the produced raw 
mixes in g/100g; L.o.I = loss of ignition at 1050 °C; * = out of calibration range 

    Bernd Kraft 
 

Merck 
 

RM Y 
S1 

RM Fe-Y 
S1 

RM Y 
S3 

RM Fe-Y 
S3 

L.o.I. 43.56 0.05 1.90 20.81 20.54 18.05 18.25 17.78 17.94 
 0.38 0.03 0.25 0.20 0.03 0.10 0.08 0.19 0.30 
 0.10 101.35* 0.05 0.00 0.00 43.03 39.06 39.54 37.03 

 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 0.01 0.00 0.15 0.00 0.00 0.00 0.01 0.00 0.01 
 0.06 0.00 101.46* 0.00 0.00 0.02 4.25 0.32 4.33 

 56.11 0.00 0.00 32.79 33.54 29.57 29.56 30.1 28.61 
 0.32 0.01 0.00 0.38 0.01 0.42 0.40 0.12 0.12 
 0.03 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 
 0.01 0.08 0.03 0.00 0.00 0.02 0.02 0.01 0.02 

 0.04 0.00 0.00 46.04 47.26 9.91 9.87 12.76 11.54 
 0.07 0.00 0.02 0.00 0.00 0.00 0.00 0.02 0.02 

 

  

  

Figure 8.8-3 Particle size distribution (PSD) of the used raw materials (left) and the prepared mixes (right); ar = used as 
received 
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The physical characteristics of the ye’elimite clinkers from the several series as described hereafter. 
The PSD of the ground clinkers is shown in Figure 8.8-4. The clinkers from S1 and S2 were ground dry 
for 1 minute in a vibration disc mill. The clinkers from S3 were ground dry for 1 minute in a planetary 
ball mill. The clinker produced in S3 was sintered in a single step without any intermediate grinding. 
We compared the PSD of the raw mix and the ground clinker of S3 to investigate whether a 
coarsening of the materials can be observed, e.g. caused by sintering reactions and probably the 
formation of a liquid phase. Moreover, we try to see whether the addition of iron has any impact 
such as the densification of the microstructure and the formation of a harder to grind material 
compared to the stoichiometric ye’elimite. As expected, the coarsening of the materials throughout 
the sintering process and a higher hardness of Fe-Y compared to Y can be seen. The coarsening is 
caused by the conversion of the raw materials into the new clinker phases accompanied by the 
formation of a new microstructure. A higher content of a coarser fraction is presented with 
increasing iron contents. 

  

  

Figure 8.8-4 Cumulative volume distribution (top) and frequency distribution (bottom) of the PSD of the ground clinkers 
(left) and a comparison of chosen raw mixes and clinkers (right) 

Figure 8.8-5 shows the results of the ground clinkers of the S2 series. The samples become coarser, 
when using the same grinding procedure, with increasing iron contents. The sample 0.80Fe-Y was 
sintered two times including an intermediate grinding step. The clinker was still much coarser 
compared to the other ones.  
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The coarsening coincides with the increasing formation of the ferritic phase contents. This indicates 
that the impact of iron is amplified in the presence of sodium causes or at least promotes the 
formation of a coarser fraction. The SSABET of all products is shown in Table 8.8-13 below. 

  

Figure 8.8-5 PSD of the ground clinkers (left) and a comparison of chosen raw mixes and clinkers (right) 
Table 8.8-13 Specific surface area of the ground clinkers 

 S1 S2 S3 

 Y Fe-Y 
Na-
Fe-Y Y Fe-Y Y Fe-Y 

 with  
= 

0 0.2 0.2 0 0.05 0.08 0.2 0.4 0.8 0 0.2 

Sintering repetitions (-) 3 3 3 3 2 2 1 1 2 1 1 

SSABET (m²/g) 1.43 1.32 0.84 1.50 1.62 1.64 1.77 1.71 1.26 1.16 0.96 

The distribution of phases within certain size fractions of selected clinker samples was also 
investigated. For that purpose Y and Fe-Y clinker was produced using the S3 synthesis protocol. The 
clinker samples were not ground but instead gently crushed by hand in an agate mortar and sieved to 
three fraction; 90-125 m, 32-90 m and <32 m. The fractions were characterised by PSD, SSABET 
and QXRD analyses. In addition, the impact of the PSD on the hydration kinetics was assessed by 
calorimetry. The results of these analyses are presented below. 

The clinker formation and achieved composition is presented. The reaction is incomplete at 1100 °C, 
1150 °C and 1200 °C. Raw material phases like anhydrite, corundum and lime together with 
intermediate krotite, mayenite, grossite and ferrites are present. It is known that the sintering 
temperature plays an important role for the impact of iron on the kinetics of the ye’elimite formation 
as well as on the incorporation of iron into the crystal lattice. The main formed calcium aluminate 
phase at low sintering temperatures like 1100 °C to 1150 °C is krotite (±mayenite). With increasing 
temperatures grossite is increasingly formed over krotite. However, grossite again reacts with lime to 
krotite and ultimately to ye’elimite and as s results disappear. This sequence is well demonstrated in 
the case of stoichiometric ye’elimite (see Chapter 4). The results of the synthesis of stoichiometric 
ye’elimite (S1) as a function of the sintering temperatures are shown in Table 8.8-14.  
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Table 8.8-14 Mineralogical composition of stoichiometric ye’elimite as a function of the applied temperature 
 S1; * addition of 5%  before 3rd sintering 
 Target -  (Y) 
Sintering 
temp. [°C] 1100 1150 1200 1250 1300 

Sintering 
cycle [-] 1 2 3* 1 2 3* 1 2 3* 1 2 3* 1 2 3* 

 [%] 
 14.4 50.3 53.2 20.4 68.3 68.8 18.8 80.4 82.2 37.8 86.4 93.4 89.4 94.2 96.9 
 0.9 9.8 2.9 1.1 1.6 0.6 0.8 0.7 0.5 2.4 0.9 0.7 0.6 0.8 n.d. 

 12.8 22.4 28.2 10.1 21.7 20.4 9.4 14.5 10.6 9.5 10.6 2.4 2.3 4.7 n.d. 
 3.9 1.5 n.d. 14.5 0.6 n.d. 17.4 n.d. n.d. 14.5 n.d. n.d. 2.4 n.d. n.d. 

 31.2 4.0 1.5 23.0 n.d. n.d. 21.7 n.d. n.d. 14.6 n.d. n.d. 2.2 n.d. n.d. 
 18.5 11.5 13.7 16.0 7.4 9.9 16.5 4.1 6.4 12.1 1.8 3.2 1.4 n.d. 2.7 

 17.5 0.2 0.1 14.3 n.d. n.d. 14.7 n.d. n.d. 8.6 n.d. n.d. 1.4 n.d. n.d. 
 0.5 n.d. n.d. 0.4 n.d. n.d. 0.4 n.d. n.d. 0.3 n.d. n.d. n.d. n.d. n.d. 

 0.3 0.3 0.4 0.2 0.4 0.3 0.3 0.3 0.3 0.2 0.3 0.3 0.3 0.3 0.4 

Table 8.8-15 shows the mineralogical composition  clinker as a function of the sintering 
temperatures. 

Table 8.8-15 Mineralogical composition of iron-bearing ye’elimite as a function of the applied temperature 
 S1; * addition of 5%  before 3rd sintering 
 Target -  (Fe-Y) 
Sintering 
temp. [°C] 1100 1150 1200 1250 1300 

Sintering 
cycle [-] 1 2 3* 1 2 3* 1 2 3* 1 2 3* 1 2 3* 

 [%] 
-o 17.2 25.2 29.2 21.9 35.4 34.9 36.8 36.8 31.7 48.5 45.0 37.6 36.7 43.4 35.0 
-c n.d. 10.5 22.2 3.6 29.0 36.7 42.2 42.3 53.7 31.1 48.6 55.8 42.2 47.6 59.3 
 5.0 2.3 n.d. 4.8 n.d. n.d. 0.4 0.4 0.7 1.0 0.7 0.6 0.4 0.5 0.8 

 20.7 36.5 31.9 18.0 24.4 17.5 13.4 13.3 6.8 5.1 2.1 0.3 13.5 4.6 n.d. 
 4.0 1.0 n.d. 9.5 n.d. n.d. n.d. n.d. n.d. 2.5 n.d. n.d. n.d. n.d. n.d. 
 5.4 4.0 2.5 6.3 2.6 2.2 1.5 1.5 0.7 6.7 3.1 2.4 1.5 3.5 2.7 

 5.1 3.6 1.0 4.1 1.1 n.d. 2.0 2.0 1.4 0.6 n.d. n.d. 2.0 n.d. n.d. 
 17.4 3.0 n.d. 11.4 n.d. n.d. n.d. n.d. n.d. 1.2 n.d. n.d. n.d. n.d. n.d. 
 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.5 0.4 n.d. 0.4 n.d. 
 17.7 13.6 13.3 15.7 7.5 8.7 3.7 3.7 5.0 3.3 n.d. 2.8 3.7 n.d. 2.2 

 6.9 n.d. n.d. 4.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
 0.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

 0.4 0.3 n.d. 0.3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
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Table 8.8-16 shows the mineralogical composition  clinker as a function of the 
sintering temperatures. 

Table 8.8-16 Mineralogical composition of sodium-iron-bearing ye’elimite as a function of the applied temperature 
 S1; * addition of 5%  before 3rd sintering 
 Target -  (Na-Fe-Y) 
Sintering 
temp. [°C] 1100 1150 1200 1250 1300 

Sintering 
cycle [-] 1 2 3* 1 2 3* 1 2 3* 1 2 3* 1 2 3* 

 [%] 
-o 35.8 33.2 36.8 36.8 32.9 40.1 31.2 19.3 36.1 15.6 18.4 19.7 19.2 15.8 19.7 
-c 16.1 25.5 26.5 20.7 29.5 26.8 31.4 48.9 40.4 70.0 73.7 71.7 73.1 77.7 73.2 
 1.1 0.7 0.4 0.7 0.8 n.d. 1.3 1.2 0.8 0.9 1.3 0.3 0.5 0.5 0.5 

 29.7 28.4 25.3 28.1 24.9 20.8 23.7 20.3 13.0 5.3 1.4 n.d. n.d. n.d. n.d. 
 2.2 0.8 n.d. 0.5 n.d. n.d. n.d. n.d. n.d. 0.0 n.d. n.d. n.d. n.d. n.d. 
 11.8 7.0 7.1 8.7 7.4 8.1 11.0 9.6 8.2 6.6 4.5 6.4 6.1 5.5 5.6 

 n.d. 2.8 0.7 2.4 3.2 1.3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
 0.4 n.d. 0.5 0.4 0.4 0.4 0.4 n.d. n.d. 0.3 n.d. 0.5 n.d. n.d. n.d. 

Glauberite 
 

2.6 1.6 2.7 1.7 0.9 2.5 1.0 0.7 1.5 0.6 0.7 0.9 0.8 0.5 0.7 

Jasmundite n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.7 n.d. 0.5 0.3 n.d. 0.3 
 0.3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

 

The measured elemental composition of the different ye’elimite types is shown in Figure 8.8-6. The 
plot was adopted from the work of Touzo et al. [193]. Almost all points fall on the theoretical trend 
line for the  ratio in the targeted iron-bearing solid solutions of ye’elimite except for 
the S1 campaign. The compositions in S1 are probably shifted due to too fine intermixing with krotite 
(± mayenite) and anhydrite originating from the partial decomposition of ye’elimite.  

 

Figure 8.8-6 Plot of the  / ratio in  (left); Dotted trend line =  / ratio of 3, values 
determined by SEM-EDS analysis (including data for various CSA and BYF from pilot and industrial scale) 

  



Annex 

 
188 

The formation and stability of stoichiometric ye’elimite will be briefly discussed here. Puertas et al. 
[198] had shown that the decomposition of stoichiometric ye’elimite resulted in the formation of 
secondary krotite and mayenite. His findings were supported by the results of the recent study from 
Tilman Scholten [302] as shown in Figure 8.8-7 (left). Mayenite is only detectable in the sample 
sintered for 90 minutes at 1350 °C indicating the decomposition of ye’elimite and volatilization of 
sulphur. In the iron-rich samples (right), mayenite was found at all temperatures but passing a 
minimum with prolonged dwell times and / or temperatures from around 1250 °C to 1300 °C.  

This indicates the presence of two types or origins of mayenite, primary and secondary. The impact 
of iron on the formation and potential stabilisation of primary mayenite is discussed in Chapter 4, 
section 4.5.2. In the stoichiometric ye’elimite tricalcium aluminate and some mayenite are formed 
rather than krotite with increasing dwell times and / or at higher sintering temperatures. The 
presence of free lime together with tricalcium and monocalcium aluminate indicates too high 
calcium content in the system which may alter the results. The minor phases present in the solid 
solution ye’elimite sample are ferrites, mayenite and krotite. The ferrites and mayenite are present 
in all samples. Monocalcium aluminate was only found initially only at the shortest dwell time and 
lowest tested sintering temperature (primary phase) but again at 1350 °C as secondary phase from 
the decomposition of ye’elimite. The increase of the ferritic phase content with increasing 
temperature indicates the decomposition of iron-bearing ye’elimite. The absence of any  in the 
sample with iron should be highlighted. Instead of a single calcium-rich aluminate two phases with 
intermediate calcium contents, compared to ye’elimite and krotite, are formed.  

  

Figure 8.8-7 Mineralogical composition of targeted stoichiometric (left) and an iron-rich solid solution ye’elimite 
“ ” (right) composition, applying different temperature and sintering dwell time; samples from [302] and 

evaluated by myself 
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The microstructure of ye’elimite clinkers from S2 series are shown in Figure 8.8-8. 

Y 0.05-FeY 

  
0.08-FeY 0.20-FeY 

  
0.40-FeY 0.80-FeY 

  
Figure 8.8-8 SEM micrographs of the ye’elimite clinkers from the S2 series 
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The comparison of the microstructure of synthetic Na-Fe-Y (S1) and industrial BYF clinker is shown 
in Figure 8.8-9. The relevance of the liquid phase, not only for the phase formation but as well for the 
shape of the clinker microstructure, can be seen. The clinker which was produced at industrial scale 
reveals some similar features as the iron and sodium-bearing solid solution ye’elimite produced in a 
lab muffle furnace. The ye’elimite particles are embedded or glued together by an interstitial ferritic 
liquid phase. The rounding of the ye’elimite particles is a typically feature of industrially produced 
CSA and BYF clinker. It indicates the initiated melting or better dissolution of the ye’elimite into the 
ferritic liquid phase due to too high sinter zone temperatures and / or too long dwell times. The 
dissolution of ye’elimite is further indicated by the differences in the ferritic phase composition.  

Lab scale solid solution ye’elimite Industrial BYF clinker 

  
Figure 8.8-9 SEM micrographs of the Na-Fe-Y from the 2013 series and BYF clinker produced at industrial scale 

At the same time we can determine the formed solid solution composition of the main minerals in 
pilot and industrial BYF clinkers. Considering the amount of minor elements present in 
“stoichiometric” ye’elimite and the investigated solid solutions, it is obvious that all minor elements, 
i.e. present as impurities in the raw mix like alkali,  and , are at least partly incorporated 
into the crystal structure of ye’elimite.  

Iron content: As reported in chapter 4, high substitution levels of above 90% were mainly achieved 
for low values of x, i.e. in C4A3-xFxS, of about 0.05 to 0.08. A similar value was reported earlier by 

Schmidt [186] but with the limitation that the maximum synthesis temperature was only 1200 °C. 
This is below the melting point of srebrodolskite, i.e. , in the system  -  as described by 
Bergman [87]. Our investigation on the iron-rich clinker of the 2013 series has shown that at 1100 °C 
and 1200 °C mainly orthorhombic ye’elimite and ferritic phases were formed (see section, appendix). 
Contrary, at 1250 °C and 1300 °C incrementally the iron-bearing cubic polymorph is formed over the 
orthorhombic type and the ferritic phase. Therefore we assume that ferrites like brownmillerite and 
srebrodolskite are formed initially at lower sintering temperatures. With increasing sintering 
temperatures the melting of these phases occur which enable the incorporation of iron into 
ye’elimite. Silica content: Regarding the  content, the same range is covered as for the natural 
ye’elimite [197], even so that in the natural type was formed in system with an excess of silica 
present (i.e. present in a so-called -rich combustion metamorphic host rock; Hatrurim Formation). 
Moreover, similar amounts of incorporated  were found in ye’elimite present in industrial 
clinkers (results not presented here). These results indicated that a  content of around 1.80 % 
represent the upper limit under the given synthesis conditions.  
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Higher incorporation levels as presented in other studies [35] [38] does not seem to be 
representative for most of the available CSA and BYF clinkers and are very likely correlated with the 
high concentration of sodium. 

Table 8.8-17 Minimum and maximum minor elements contents present in synthetic phases and industrial clinker 
minerals; n.d. = not determined 

 
Synthetic ye’elimite 

 

CSA and BYF clinkers from pilot & industrial scale 
ye’elimite ferrite ye’elimite ferrite belite 

[%] [%] 

Fe2O3 0.0 to 8.0 main 1.3 to 1.6 main 0.4 to 0.7 

MgO 0.0 to 1.5 0.0 to 1.0 0.5 to 1.0 0.5 to 4.0 0.4 to 0.5 

Na2O 0.0 to 1.5 0.0 to 1.0 0.1 to 0.5 0.3 to 0.6 0.2 to 0.4 

K2O n.d. n.d. 0.0 to 0.3 0.0 to 0.3 0.0 to 0.5 

SiO2 0.0 to 0.5 0.0 to 2.0 0.7 to 0.8 1.5 to 4.0 main 

TiO2 n.d. n.d. n.d. 0.5 to 5.0 0.1 to 0.8 

SO3 main 0.0 to 1.0 main 0.2 to 0.8 0.5 to 2.0 
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The calorimetry results of Y (supplementing the results presented in Chapter 5) at all tested w/b 
ratios are shown in Figure 8.8-10. 

First 2 hours Full range 

 

 

Figure 8.8-10 Rate of heat evolution (left and middle) and cumulative heat (right) of hydrating Y and blends containing 
quartz expressed per gram of clinker; solid line = neat clinker and dashed line = blend with quartz 

The calorimetry results of Fe-Y (supplementing the results presented in Chapter 7) at all tested w/b 
ratios are shown in Figure 8.8-11. A summary of all results with regard to the hydration degree 
versus w/b and w/s ratio is presented hereafter (supplementing the results presented in the 
Chapters 5 and 7). 
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First 2 hours Full range 

 

 

Figure 8.8-11 Rate of heat evolution (left and middle) and cumulative heat (right) of hydrating Fe-Y and blends containing 
quartz expressed per gram of clinker; solid line = neat clinker and dashed line = blend with quartz 

Figure 8.8-12 shows the determined hydration degree of Y and Fe-Y in comparison to the cumulative 
heat after 48 hours of hydration. In general, increasing the water to cement and solid ratios caused 
the increase of the achieved hydration degree. For example, the hydration of ye’elimite was 
incomplete even at high w/c ratios such as 1 or 2. Hence, the presence of sufficient water to 
theoretically hydrate the whole sample did not guarantee that this will be achieved.  

  
Figure 8.8-12 Hydration degree of Y and Fe-Y versus the cumulative heat 
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Figure 8.8-13 presents the measured versus targeted quartz content. The results indicated a 
relatively good fit and hence, accuracy of the derived Rietveld results.  

Qz in hydrated Y according to the internal and 
external standard method  Qz in hydrated Fe-Y ± G & external standard 

  
Figure 8.8-13 Measured versus targeted Qz content in paste; error bar represent the relative error of 5% 

The derived composition of the hydrates assemblage is shown in Figure 8.8-14. The amount of 
monosulphate was higher and that of the amorphous phases lower in Y compared to Fe-Y. The 
quantities of ettringite and aluminium hydroxide were similar in both series. This indicates that iron 
may have a negative impact of the crystallinity and / or growth of monosulphate. 

Phase assemlbages of Y at different w/b Phase assemlbages of Fe-Y at different w/b 

  
Figure 8.8-14 Normalized phase assemblage per gram of anhydrous and without Qz 
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The phase assemblage of Fe-Y with gypsum at serval w/b ratios is shown in Figure 8.8-15. 

Phase assemlbages of Fe-Y+G at different w/b 

 
Figure 8.8-15 Normalized phase assemblage per gram of anhydrous and without Qz 

The thermogravimetric analyses are shown in Figure 8.8-16 (supplementing the results presented in 
the Chapters 5 and 7). 

 Y at w/b 0.5 – 2 Fe-Y at w/b 0.5 - 2 

  
Figure 8.8-16 Normalized TGA analysis of Y and Fe-Y with Qz at w/b from 0.5 to 2 after 2 days of hydration 
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The normalized (per gram of ye’elimite) thermogravimetric analyses are shown in Figure 8.8-17. 

Y at w/b 5 – 40 Fe-Y at w/b 5 - 40 

  
Figure 8.8-17 Normalized TGA analysis of Y and Fe-Y with Qz at w/b from 5 to 40 after 2 days of hydration 

We further compared the TG analysis at w/b 0.5 and 2 as shown in Figure 8.8-18. The samples based 
on Fe-Y show a higher ettringite and lower monosulphate content, consistent with the assumption 
that mayenite promotes the ettringite formation.  

a) b) 

  
Figure 8.8-18 Comparison of the normalized TGA analysis of Y (solid line) and Fe-Y (dashed line) 
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Selected XRD plots of the hydrates samples are presented in Figure 8.8-19 (supplementing Chapter 
5). 

w/b 0.5 

 

w/b 2.22 

 

w/b 10 

 
Figure 8.8-19 XRD plot of Y and Fe-Y blends with Qz filler 
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The chemical composition of the amorphous phase, for the paste samples with quartz, was derived 
from mass balance calculations based on QXRD and TGA analyses. The results of the mass balance 
calculation are shown in Figure 8.8-20 supplementing the results presented in Chapter 5 (Y and 
compared to Fe-Y) and 6 (Fe-Y+G). 

Phase assemlbages of Y at different w/b 

  
Phase assemlbages of Fe-Y at different w/b 

  
Phase assemlbages of Fe-Y + G at different w/b 

  
Figure 8.8-20 Normalized phase assemblage per gram of anhydrous and without Qz 
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The QXRD analyses from the residues of the experiments carried out with Y and Fe-Y at w/b 40 are 
presented in Figure 8.8-21. 

 

 
Figure 8.8-21 Evolution of the phase assemblage of the spot samples for Y [303] (left) and Fe-Y (right) at w/b 40 and of 

the continuous measured conductivity; Et = ettringite and Ms = monosulphate 
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Supplementary thermogravimetry analyses of Y and Fe-Y hydrated at w/b 40, as partly presented in 
Chapter 5, are presented in Figure 8.8-22. 

  

  
Figure 8.8-22 Differential thermogravimetric analyses for Y [303] (left) and Fe-Y (right) at w/b of 40  
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The chemical composition of the amorphous phase, for the sample from the experiments in 
suspensions, was derived from mass balance calculations based on QXRD and TGA analyses. The 
results of the mass balance calculations are shown in Figure 8.8-23 and supplement the results 
presented in Chapter 5. 

  

  
Figure 8.8-23 Mass balance analyses for Y (top) and Fe-Y (bottom) at w/b of 40  
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The summary of all experiments carried out with Y and Fe-Y at w/b 100 (supplementing the results 
presented in Chapter 5 and 7) are presented here (Figure 8.8-24).  

 

 
Figure 8.8-24 Evolution of the conductivity and pH;  = sampling points 
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The evolutions of the ion concentration for Y and Fe-Y at w/b 100 are shown in Figure 8.8-25 
(supplementing the results presented in Chapter 5 and 7). 

Figure 8.8-25 Evolution of the conductivity (continuous measurement) and concentration (spot samples) including the 
calculated Ca and S concentrations (dashed lines) for Y (left) and Fe-Y (right) at w/b 100, solubility products from [115] 

and for AH3am was log  of 0.24 from [116] 

The HR-SEM micrographs of Y and Fe-Y hydrated at w/b 100 after selected hydration periods are 
shown in Figure 8.8-26 to Figure 8.8-31 (supplementing the results presented in Chapter 5 and 7). 
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Y at 23 °C and w/b 100 after 90 seconds of hydration 

  

  

  

  
Figure 8.8-26 Morphological characterization of the hydrated Y at 23 °C and a w/b ratio of 100 
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Y at 23 °C and w/b 100 after 250 seconds of hydration 

  

  

  

  
Figure 8.8-27 Morphological characterization of the hydrated Y at 23 °C and a w/b ratio of 100 
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Fe-Y at 23 °C and w/b 100 after 30 seconds of hydration 

  

  

  

  
Figure 8.8-28 Morphological characterization of the hydrated Fe-Y at 23 °C and a w/b ratio of 100 
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Fe-Y at 23 °C and w/b 100 after 90 seconds of hydration 

  

  

  

  
Figure 8.8-29 Morphological characterization of the hydrated Fe-Y at 23 °C and a w/b ratio of 100 
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Fe-Y at 23 °C and w/b 100 after 120 seconds of hydration 

  

  

  

  
Figure 8.8-30 Morphological characterization of the hydrated Fe-Y at 23 °C and a w/b ratio of 100 
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Fe-Y at 23 °C and w/b 100 after 7 minutes of hydration 

  

  

  

  
Figure 8.8-31 Morphological characterization of the hydrated Fe-Y at 23 °C and a w/b ratio of 100 
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Selected STEM micrographs of Y and Fe-Y hydrated at w/b 100 after 7 minutes are shown in Figure 
8.8-32 to Figure 8.8-36 (supplementing the results presented in Chapter 5 and 7). 

  

  
Figure 8.8-32 STEM images (HAADF) of Y after 7 minutes of hydration at 23 °C at w/b 100 
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Figure 8.8-33 STEM images (HAADF) of Fe-Y after 7 minutes of hydration at 23 °C at w/b 100 
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Figure 8.8-34 STEM images (HAADF and BF image) of Y after 7 minutes of hydration at 23 °C at w/b 100 
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Figure 8.8-35 STEM images (HAADF and BF image) of Fe-Y after 7 minutes of hydration at 23 °C at w/b 100  
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Figure 8.8-36 STEM images (HAADF and BF image) of Fe-Y after 7 minutes of hydration at 23 °C at w/b 100  
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Selected STEM micrographs of Y hydrated at w/b 100 after 6 hours are shown in Figure 8.8-37 and 
Figure 8.8-38. Selected STEM micrographs of Fe-Y the hydrated at w/b 100 after 3 hours are shown 
in Figure 8.8-39 and Figure 8.8-40 (supplementing the results presented in Chapter 7). 

Figure 8.8-39 and Figure 8.8-40 also show that some of the Fe-Y particles form hydrated surfaces 
with etch pitch-like structures.  
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Figure 8.8-37 STEM micrographs (HAADF and BF image) of Y after 6 hours of hydration at 23 °C and w/b 100 
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Figure 8.8-38 STEM micrographs (HAADF and BF image) of Y after 6 hours of hydration at 23 °C and w/b 100 
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Figure 8.8-39 STEM micrographs (HAADF and BF image) of Fe-Y after 3 hours of hydration at 23 °C and w/b 100 
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Figure 8.8-40 STEM micrographs (HAADF and BF image) of Fe-Y after 3 hours of hydration at 23 °C and w/b 100 
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The summary of all experiments carried out on Y and Fe-Y with gypsum at w/b 100 (supplementing 
the results presented in Chapters 6). The evolution of the ion concentration is shown in Figure 
8.8-25. 

Figure 8.8-41 Evolution of the conductivity (continuous measurement) and concentration (spot samples) including the 
calculated Ca and S concentrations (dashed lines) for Y (left) and Fe-Y (right) at w/b 100, solubility products from [115] 

and for AH3am was log  of 0.24 from [116] 
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Fe-Y+G at 23 °C and w/b 100 after 30 seconds of hydration 

  

  

  

  
Figure 8.8-42 Morphological characterization of the hydrated Fe-Y+G at 23 °C and a w/b ratio of 100 
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Figure 8.8-43 STEM images (up: HAADF image and down: BF image) of Y+G after 7 minutes of hydration at 23 °C and a 

w/b ratio of 100; Y = anhydrous ye’elimite particles; hydrates = mix of phases including ettringite  
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Figure 8.8-44 STEM images (up: HAADF image and down: BF image) of Y+G after 4 hours of hydration at 23 °C and a w/b 

ratio of 100; Y = anhydrous ye’elimite particles; hydrates = mix of phases including ettringite 
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The chemical and mineralogical composition of the amorphous phase “X”, for the sample from the 
chemical shrinkage experiments, was derived from mass balance calculations based on QXRD and 
TGA analyses (supplementing the chemical shrinkage section in Chapter 6). The results of the 
calculations are shown in Figure 8.8-45 and in Figure 8.8-46.  

  
Figure 8.8-45 Chemical composition of the crystalline detectable hydrates assemblage derived by the mass balance 
calculations for Y and Y+G in paste ; FW = free water and BW = chemically bound water; X = quantity of amorphous 

fraction; S = ; A =  and C =  
Total Water-free 

  

  
Figure 8.8-46 Chemical composition of the amorphous fraction X in paste 
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The evolution of the BW content of the amorphous fraction did correlate well with the observed 
release of BW. The results of these calculations are shown in Figure 8.8-45. Using the results 
presented above, we could calculate the chemical composition of X which is presented together with 
these of chosen hydrates in Figure 8.8-46. The water-free results are presented to distinguish 
whether the observed release of bound water correlates with the change of any of the other 
elements. Using the known amount and composition of X, we calculated the potential mineralogical 
compositions. The results are presented in Figure 8.8-47. For the calculations we assumed that X 
consists of either ettringite or monosulphate together with ,  and water (BW). The 
precipitation of ettringite in the Y gives negative results for the amount of water and was therefore 
disqualified. Similarly, monosulphate was disqualified for Y+G for the lack of calcium and water. To 
summarize, the amorphous fraction of Y is composed of an even mixture of monosulphate and  
with only traces of . Contrary for Y+G, it is a relatively even mixture of ettringite,  and 

. However, it is important to highlight that the SEM-EDS analyses indicated that the amorphous 
aluminium hydroxide may contain sulphate and some calcium. This impact of course cannot be 
represented by such simplified calculations. Further the solvent exchange method, to stop the 
hydration reactions, damage the hydrates. 

Y Y+G 
Assumption: Formation of  

  
Assumption: Formation of  

  
Figure 8.8-47 Calculated mineralogical composition of X in Y and Y+G over time 
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XRD plots of Y and Y+G after 28 days of hydration are shown in Figure 8.8-48 (supplementing the 
chemical shrinkage section in Chapter 6). 

  
Figure 8.8-48 XRD plot of Y and Y+G at w/b 2 after 28 days of hydration 

To investigate the impact of iron on the formed hydrates assemblage, we analysed the samples of 
the chemical shrinkage after its finalisation of the measurements at 28 days of hydration. For that 
purpose a “representative” sample was prepared by mixing the five separate samples. The 
thermogravimetric analyses are shown in Figure 8.8-49.  

  
Figure 8.8-49 Differential thermogravimetric analysis (top) and weight loss (bottom) and of Y (left) and Y+G (right) after 

28 days of hydration; samples taken after the completion of the chemical shrinkage measurements 
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SEM-EDS micrographs of the samples at selected hydration ages are shown in Figure 
8.8-50(supplementing the chemical shrinkage section in Chapter 6).  

Y Y+G 
7 days 1 days 

  
11 days 5 days 

  
28 days 28 days 

  
Figure 8.8-50 Backscattered electron micrographs (BSE) of hydrated y and Y+G 
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The chemical shrinkage of Fe-Y with and without gypsum is shown in Figure 8.8-51. 

 
Figure 8.8-51 Measured chemical shrinkage of Fe-Y with and without G at w/b 2; the standard deviation between 5 

samples was in average about 0.003 

 

Other potential crystallisation and transformation reactions which may occur during the period of 
the chemical expansion are presented hereafter. The impact of potential phase transformation 
reactions was assessed by the calculation of the resulting volume changes.  
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Equation 32    -5.2 vol.-% decrease 
Equation 33    -3.9 vol.-% decrease  
Equation 34    4.4 vol.-% increase  

Potential conversion reactions of calcium aluminate hydrates 

Equation 35    2.5 vol.-% increase  
Equation 36    4.5 vol.-% increase  
Equation 37    2.3 vol.-% increase  
Equation 38    -4.3 vol.-% decrease  
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The synthesis protocol and raw mix quality had an impact on the clinker composition and hydraulic 
reactivity. Figure 8.8-52 shows a comparison of the particle size distribution and hydraulic reactivity 
of similar ye’elimite clinkers from the three synthesis campaigns. The clinkers from S1 (sintered for 3 
times at 1300 °C) revealed the longest dormant period lasting till 12 and 36 hours for Fe-Y and Y, 
respectively. On the contrary, the hydration of the clinkers from the S2 (x times at 1300 °C but much 
higher fineness) and S3 (once at 1250 °C) fall into a more narrow range. The main hydration period 
lasted from about 10 to 20 hours for Fe-Y and 18 to 36 hours for Y. All Fe-Y samples hydrated faster 
compared to any stoichiometric ye’elimite sample. The endothermic peak was only observed for the 
samples of the S3 series. One may argue that the different kinetics result from different fineness 
and particle size distributions of the clinkers. The impact of the ye’elimite fineness on the hydration 
kinetics was already investigated by Palou and Majling [132] and Sahu et al. [136]. The authors could 
show that the amount of ettringite formed mainly corresponded with the fineness of ye’elimite, 
where a high fineness favoured the formation of ettringite rather than monosulphate. The authors 
related that to the rate at which  ions were liberated to a solution which contain calcium 
and sulphate. The rate of its liberation controls the aluminium over calcium and sulphate ratios, 
which in turn favours either the formation of ettringite or monosulphate. To better understand the 
role of the PSD on the hydration kinetics and formed products, we produced different size fractions 
by sieving. For that purpose a new batch of Y and Fe-Y clinkers were produced in accordance to the 
protocol for S3. The characterisation of the fractions was therefore carried out.  

  

 
Figure 8.8-52 Particle size distribution (top) and rate of heat evolution and cumulative heat at w/b 2 (bottom) 
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Figure 8.8-53 (left hand) presents the PSD of the sieved fractions and the comparison of the SSABET 
versus the PSD (right hand). We achieved a very good separation for the size fractions 90-125 m and 
< 32 m, whereas the size fraction 32-90 m was a mix of both. The SSABET further revealed an 
almost linear correlation between the measured total surface area and the size fraction class. All 
three Fe-Y fractions showed a measurably lower SSABET values compared to those of Y, which very 
probably correspond to the fluxing effect of iron and the formation of a liquid phase. 

  
Figure 8.8-53 PSD (left) and SSABET versus PSD (right) 

 

The mineralogy of the fractions is presented in Table 8.8-18. The results demonstrated the 
measureable enrichment of aluminate phases within the coarse and of anhydrite within the fine 
fraction. The presence of mayenite and magnesio ferrite ( ) was only detected in the Fe-Y sample.  

Table 8.8-18 Mineralogy of the sieved fractions 

90-125 m 32-90 m <32 m 
Y Fe-Y 

Y Fe-Y Y Fe-Y Y Fe-Y 

Portion (%) 14.9 16.3 64.9 39.3 20.2 44.4 100 100 

 wt.% 

 80.5 92.8 93.6 93.7 96.4 94.3 92.2 93.8 

 10.5 0.4 2.4 n.d. 0.6 n.d. 3.2 0.1 

 7.5 3.8 0.6 1.2 0.3 n.d. 1.6 1.1 

 n.d. 1.4 n.d. 1.0 n.d. 0.9 n.d. 1.0 

 n.d. 0.4 n.d. 0.7 n.d. 0.1 n.d. 0.4 

 1.5 1.2 3.4 3.4 2.7 4.7 3.0 3.6 
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The hydraulic reactivity of the fractions was assessed by isothermal conduction calorimetry. With 
the knowledge about the PSD, SSABET and the mineralogical composition of the size fractions we are 
now able to better characterize the hydration kinetics of those. The hydraulic reactivity of the 
fractions was assessed at a w/c of 2.0. The PSD had only a little impact on the hydration kinetics, by 
means of the onset of the acceleration and main hydration period. Mainly the shape of the main 
peak (which covers the acceleration and main period) was altered. The coarse fraction revealed a 
slight shift to earlier times, where it was sharper and more intense with increasing fineness. The 
differences in the cumulative heat are the result from the available amount of ye’elimite in each 
fraction.  

  
Figure 8.8-54 Rate of heat evolution (top) and cumulative heat (bottom) of the sieved fractions  
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Figure 8.8-55 shows the PSD and the rate of heat evolution and cumulative heat of the two batches Y 
and Fe-Y produced according to the S3 protocol. The hydraulic reactivity of Y was very similar even 
when having a different fineness (for Y S3 2nd; i.e. “Y < 32 m”). On the contrary, the Fe-Y samples 
showed a measurable difference in the hydration kinetics (for Fe-Y S3 2nd, i.e. “Fe-Y < 32 m”).  

  

 
Figure 8.8-55 Particle size distribution (top), rate of heat evolution and cumulative heat (bottom) 

 

The hydration kinetics of the ye’elimite clinkers from the S1 series were analysed to investigate the 
effect of sintering temperature, (combined) portlandite and sulphate additions. The addition of 
ready soluble anhydrite (tempered at 700 °C) or gypsum caused the acceleration and harmonisation 
of the hydration kinetics. The addition of hard burnt anhydrite had almost no impact on the 
hydration kinetics. The addition of ready soluble calcium sulphate resulted in the faster formation of 
ettringite, almost independent of the ye’elimite type and mitigated the effect of mayenite. The 
intense and sharp peak at around 13 hours as shown in Figure 8.8-56 resulted from the gypsum 
depletion, reaccelerated ye’elimite dissolution and monosulphate formation. 
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First 2 hours Full range 

 

 

 

Figure 8.8-56 Rate of heat evolution (left and middle) and cumulative heat (right) of hydrating Y, Fe-Y and Na-Fe-Y from 
S1 as neat clinker (top), cement with 2M hard burnt anhydrite, 2 h at 1100 °C (middle) and 2M gypsum (bottom) at w/b 1 
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The hydration kinetics of ye’elimite clinkers form the S2 series were investigated to assess the effect 
of gradual Al by Fe substitution, (combined) portlandite and sulphate additions. We investigated 
the hydration kinetics of stoichiometric ye’elimite and several iron-bearing solid solutions from the 
S2 series. In addition, we tested the impact of gypsum additions (1 mole ye’elimite (64% by weight) 
to 2 mole gypsum (36% by weight)). The results of those analyses are presented in Figure 8.8-57. The 
absence of an endothermic peak at early hydration ages remains unclear. We actually assume that 
this may be related to the very high fineness of the clinkers from the S2 series. The impact of 
portlandite additions was tested to check whether or not we can simulate the hydration kinetics of 
the Fe-Y sample. 

 

 

Figure 8.8-57 Rate of heat evolution (left and middle) and cumulative heat (right) of neat clinkers (top) and cements with 
gypsum (bottom) at a w/b ratio of 2 
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We further investigated the impact of calcium sulphate, gypsum versus anhydrite, and portlandite 
additions as shown in Figure 8.8-61. 

 

 

 

Figure 8.8-58 Rate of heat evolution (left and middle) and cumulative heat (right) of cements with gypsum (top), gypsum 
and portlandite (middle) and with middle burnt anhydrite, 2 h at 700 °C (bottom) at a w/b ratio of 2 
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The hydration kinetics of ye’elimite clinkers form the S3 series were investigated to assess the effect 
of (combined) portlandite and sulphate additions. The results are shown in Figure 8.8-60. 

First 2 hours Full range 

 

 

Figure 8.8-59 Rate of heat evolution (left and middle) and cumulative heat (right) of hydrating Y (top) and Fe-Y (bottom) 
as neat clinker or cement with 2M gypsum with and without 1 wt.% portlandite (CH) at w/b 2,  
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The dissolution experiments of Y and Fe-Y using w/b ratios from 40 to 1000 are shown in Figure 
8.8-60. 

  

  

  
Figure 8.8-60 Evolution of the conductivity of Y and Fe Y with (bottom) and without (top) gypsum at w/b ratios from 40 

to 1000 
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The dissolution experiments of G and tow anhydrite (A) types at w/b ratios from 40 to 10000 are 
shown in Figure 8.8-61. This data was used to calculate the slope of the linear dissolution part, e.g. 
during the first seconds only, which in turn indicates the dissolution rate shown in Figure 8.8-62. 

   

   
Figure 8.8-61 Evolution of the early conductivity of several calcium sulphates at w/b ratios from 100 to 1000 up to 30 

minutes (top) and during the first minute (bottom)  

   

   
Figure 8.8-62 Evolution of the early conductivity of Y at different calcium sulphates dosages (top) and measured and 

calculated slope values during the first seconds to minutes for the linear increase of the conductivity (bottom)  
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The impact of fillers, i.e. availability of nucleation sites, on the hydration kinetics was also tested in 
suspension at w/b 100. It was shown that the dissolution of Y caused the instant precipitation of 
hydrates, which was even more pronounced in the case of Fe-Y. STEM-EDS analyses further indicated 
the formation of a (calcium) iron hydroxide-rich layer and SSABET measurements showed the 
increased surface area of the hydrated residues for Fe-Y compared to Y. Therefore, we assumed that 
those first hydration products increased the available surface area which may act as nucleation sites, 
causing the accelerated kinetics. To investigate this hypothesis 5%, 10% and 20% of gibbsite ( ) 
and 5% and 10% of goethite ( ) were added. The SSABET surface area of gibbsite and goethite was 
4.47 m²/g and 13.79 m²/g, respectively. The materials were also chosen due their similar chemical 
and mineralogical composition as the initial hydration products. This should potentially result in a 
topotactic growth of chosen hydrates and the acceleration of the kinetics. Figure 8.8-63 shows the 
results of the conductivity and pH measurements. The kinetics were accelerated but the general 
evolution was very similar to that of Y. The rates of Fe-Y were still not reached. Moreover, the 
amount of seeding proves to have almost no impact even so that the available surface area was 
increased significantly.  

 

Figure 8.8-63 Evolution of the conductivity (top) and pH (bottom) of Y and Fe-Y with the addition of gibbsite [ ] (left) 
and goethite [ ] (right); dashed lines represent the five hydration stages for plain Y 

The addition of portlandite to neat Y and Y with 10% of goethite caused the acceleration of the 
early reactions and the extension of the main hydration period. However, the presence of portlandite 
could not reach the same kinetics as Fe-Y. 
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Figure 8.8-64 Evolution of the conductivity (top) and pH (bottom) of Y and Fe-Y with the addition of gibbsite [ ] (left) 
and goethite [ ] (right) at w/b 100; dashed lines represent the five hydration stages 

The hydrates morphology was investigated using at several hydration ages and using two w/b and 
w/s ratios. The impact of the applied w/c and w/s ratios (see Chapter 5, section xxx) was further 
assessed by characterising the hydrates morphology by SEM. The morphology of ettringite is 
characteristic for the nucleation (initial and acceleration period) and the growth (dormant and final 
period) hydration periods. The sampling points are highlighted in Figure 8.8-65. 

  
Figure 8.8-65 Rate of heat evolution Fe-Y+Qz with and without gypsum at w/b 2.22 and 20 (w/s 2) 
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Hydrates morphology of at w/c 2: Dormant period: Idiomorphic, hexagonal crystals with low aspect 
ratio of ettringite were formed, independent of the presence of gypsum (see Figure 8.8-66). Rarely 
some clusters of intermixed AFm phases and aluminium hydroxide phases were determined. The 
ettringite was intermixed with anhydrous ye’elimite particles that were covered with a shell of 
hydrates. Final period: Several new types of hydrates and morphologies were formed. The initial 
ettringite crystals continued to grow forming large elongated (several micron) crystals with higher 
aspect ratios. In addition, a second needle-like ettringite was present. At least two types of AFm-
phases were formed; a foil-like lamellar one (probably ) and monosulphate hexagonal 
platelets. 

Fe-Y - Qz at w/b 2.22 after 8 hours (Fe-Y+G) - Qz at w/b 2.22 after 4 hours 

  
Fe-Y - Qz at w/b 2.22 after 24 hours (Fe-Y+G) - Qz at w/b 2.22 after 24 hours 

  

  
Figure 8.8-66 SEM micrographs; AFm = mixtures of Ms-AFm and e.g.  (often traces of ), Et = ettringite, G = 

gypsum and Qz = quartz 

Hydrates morphology of at w/b 20: Dormant period: The features of the hydrates were similar to 
those at a w/b of 2.22 (see Figure 8.8-67). Acceleration period: The ettringite crystals continued to 
grow and the massive formation of AFm phases occurred. The addition of gypsum caused the fast 
and massive ettringite nucleation, as indicated by the formation of clusters needle-like ettringite. 
Final period: The features of the hydrates are similar to those at a w/b of 2.22.  
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Fe-Y - Qz at w/b 20 after 8 hours (Fe-Y+G) - Qz at w/b 20 after 2 hours 

  
Fe-Y - Qz at w/b 20 after 18 hours (Fe-Y+G) - Qz at w/b 20after 4 hours 

  

  
Fe-Y - Qz at w/b 20 after 24 hours (Fe-Y+G) - Qz at w/b 20 after 24 hours 

  

  
Figure 8.8-67 SEM micrographs; AFm = mixtures of Ms-AFm and e.g.  (often traces of ), Et = ettringite and Qz 

= quartz 
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A special feature is the presence or absence of hydrates on the quartz surfaces depending on the 
used binder type and applied w/b ratio. Hydrates morphology of at w/b 2: Dormant period: The 
quartz surfaces were almost free of any hydrate in both samples. (see Figure 8.8-68). Acceleration 
period: Only the sample with gypsum was analysed. The quartz particles were partly and sometimes 
even fully overgrown with a mix of AFm and  phases. Final period: Most quartz particles in the 
fully hydrated plain clinker were almost free of any hydrates. On the contrary, the quartz particles in 
the presence of gypsum were covered with hydrates. 

Fe-Y - Qz at w/b 2.22 after 8 hours (Fe-Y+G) - Qz at w/b 2.22 after 4 hours 

  
 (Fe-Y+G) - Qz at w/b 2.22 after 10 hours 

 

 
Fe-Y - Qz at w/b 2.22 after 24 hours (Fe-Y+G) - Qz at w/b 2.22 after 24 hours 

  
Figure 8.8-68 SEM micrographs; AFm = mixtures of Ms-AFm and e.g.  (often traces of ), Et = ettringite and Qz 

= quartz 

Hydrates morphology of at w/b 20: Dormant period: Contrary to the lower w/b ratios, the quartz 
particles were partly covered with growing hydrates in both samples (see Figure 8.8-69). But those 
hydrates were more dominant and bigger in the presence of gypsum. Acceleration period: The quartz 
surfaces in the plain Fe-Y sample were slightly more covered compared to those of the dormant 
period but still clearly visible. On the contrary in the presence of gypsum, all quartz particles were 
fully covered with a mix of AFm and aluminium hydroxide. Final period: The same features as during 
the acceleration period were present.  
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Fe-Y - Qz at w/b 20 after 8 hours (Fe-Y+G) - Qz at w/b 20 after 2 hours 

  
Fe-Y - Qz at w/b 20 after 18 hours (Fe-Y+G) - Qz at w/b 20 after 4 hours 

  
Fe-Y - Qz at w/b 20 after 24 hours (Fe-Y+G) - Qz at w/b 20 after 24 hours 

  

 

 
Figure 8.8-69 SEM micrographs; AFm = mixtures of Ms-AFm and e.g.  (often traces of ) 
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The presence of mayenite is also of industrial relevance as traces of mayenite are often present in 
CSA and BYF clinkers [33] [37]. In an internal study we produced four different clinkers from one set 
of raw materials but in different proportions. The raw mixes were fired for 1 hour at 1250 °C. The 
achieved mineralogical composition is very similar, except for the absence of mayenite in the BYF 1* 
samples, as shown in Table 8.8-19.  

Table 8.8-19 Mineralogical composition of CSA and BYF clinker; n.d. = not deteced 

 CSA BYF 1 BYF 1* BYF 2 
 Content (%) 

Ye’elimite ortho. / cubic 52.4 / 15.6 23.9 / 25.2 18.7 / 30.1 8.0 / 18.0 
Krotite / mayenite / tricalcium aluminate 0.7 / 1.7 / 0.5 0.7 / 1.2 / n.d. n.d. / n.d. / 2.9 n.d. / 1.7 / n.d. 
Brownmillerite 0.9 4.8 n.d. 6.6 
Dicalcium silicate / ternesite  24.8 / n.d.  41.4 / n.d. 18.7 / 21.9  56.1 / n.d.  
Anhydrite / jasmundite 0.5 / 0.8 n.d. / n.d. 0.4 / n.d. n.d. / n.d. 

 minors# 2.1 2.8 7.3 9.6 
# Bredigite, periclase, åkermanite-gehlenite, arcanite and maghemite 

All clinkers were ground to the same Blaine fineness of 4000 cm²/g. The hydraulic reactivity of the 
clinkers was tested by calorimetry using w/c ratios of 0.72 for CSA, 0.62 for BYF 1 and 0.52 for BYF 2. 
In addition, mixes with varying replacement by natural anhydrite were prepared with 15% for CSA, 
10% for BYF 1 and 5% for BYF 2. The w/c and anhydrite dosages were chosen to enable the full 
hydration of the samples and to achieve the maximum ettringite formation for each mix. In the case 
of the sample BYF 1* the extra anhydrite was added directly to the raw mix, i.e. before the firing, to 
investigate the impact on the clinker composition and hydraulic reactivity. 

 

 

Figure 8.8-70 Rate of heat evolution (left) and cumulative heat (right) of cements 
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