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Abstract 
Two low CO2 cement systems are investigated: one made with the use of supplementary cementitious ma-

terials (SCMs) (metakaolin and limestone) and the other an alternative binder, calcium sulfoaluminate cement (CSA). 
These two low CO2 cements contain a similar higher alumina content compared to Portland cement (PC), but they 
have contrasting chemical hydration reactions. It leads to the changes in phase assemblage, microstructure and prop-
erties. There have been previous studies on these materials separately mainly at room temperature. But here we 
make a systematic comparison looking at several temperatures and relating the phase assemblages and microstruc-
ture to strength and transport properties.   

Temperature has a strong influence on the aluminate phases such as ettringite, monosulfate and strätlingite. Thermo-
dynamic modelling with the current CEMDATA database was used over a wide range of realistic curing temperatures. 
It is a good tool to predict phase assemblages in the equilibrium state, especially for qualitative predictions. The accu-
racy of the characterization methods is an important factor to obtain the best inputs. Accurate measurement of the 
degree of reaction of amorphous phases such as metakaolin is challenging. Another issue is to obtain a realistic com-
position of the C-A-S-H phase.  

A more homogeneous microstructure was observed in the metakaolin blends compared to the PC reference and the 
CSA system. It improves the transport properties. However, the higher alumina content of the blended systems seems 
to inhibit the hydration of belite, resulting in a lower compressive strength, especially for the CSA system at early age.  

The correlations between the hydration, microstructure and properties were explored with various techniques. For 
the Portland based systems, the combined water fraction correlates well with the compressive strength despite some 
deviation in the blended systems. However, this concept does not appear to relate well to strength for the CSA sys-
tem. The mini-migration migration method can be used to determine the resistance of chloride, especially in the PC 
systems. A simple method of effective conductivity can be applied as a rough indicator. The transport properties in the 
CSA system are more difficult to measure with accelerated methods.  

Keywords 
Metakaolin, limestone, calcium sulfoaluminate cement, temperature, phase assemblage, thermodynamic modelling, 
hydration, microstructure, compressive strength, chloride ingress. 
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Résumé 
Deux systèmes de ciment à faible teneur en CO2 sont étudiés : le premier utilise des matériaux cimentaires supplé-
mentaires (SCM) (métakaolin et calcaire) et le second un clinker alternatif : un ciment sulfo-alumineux (CSA). Ces deux 
ciments à faible teneur en CO2 contiennent une composition en alumine supérieure à celle du ciment Portland (PC), 
mais ils ont différentes réactions d'hydratation chimiques. Cela conduit à des changements d'assemblage de phase, de 
microstructure et de propriétés. Les études précédentens ont étudié ces matériaux séparément, principalement à 
température ambiante. Dans cette étude, nous faisons une comparaison systématique en examinant plusieurs tempé-
ratures et en reliant les assemblages de phases et la microstructure aux propriétés de transport et de durabilité. 

La température a une forte influence sur les phases aluminates telles que l'ettringite, le monosulfate et la strätlingite. 
La modélisation thermodynamique avec la base de données CEMDATA a été utilisée sur une large gamme de tempé-
ratures de cure réalistes. C'est un bon outil pour prédire les assemblages de phases à l'équilibre, en particulier pour les 
prédictions qualitatives. La précision des méthodes de caractérisation est un facteur important pour obtenir les meil-
leures entrées des simulations. Une mesure précise du degré de réaction des phases amorphes telles que le métakao-
lin est difficile. Un autre problème est d'obtenir une composition réaliste de la phase C-A-S-H. 

Une microstructure plus homogène a été observée dans les mélanges de métakaolin par rapport à la référence du 
ciment Portland et au système CSA. Il améliore les propriétés de transport. Cependant, la teneur plus élevée en alu-
mine des systèmes mélangés semble inhiber l'hydratation de la bélite, entraînant une diminution de la résistance à la 
compression, en particulier pour le système CSA à un âge précoce. 

Les corrélations entre l'hydratation, la microstructure et les propriétés ont été explorées avec diverses techniques. 
Pour les systèmes à base de ciment Portland, la fraction d'eau combinée (combined water fraction) est bien corrélée à 
la résistance à la compression malgré des écarts dans les systèmes mélangés. Cependant, ce concept ne semble pas 
expliquer la solidité du système CSA. La méthode de mini-migration peut être utilisée pour déterminer la résistance 
aux chlorures, en particulier dans les systèmes PC. La mesure de la conductivité effective peut être appliquée comme 
indicateur approximatif. Les propriétés de transport dans le système CSA sont plus difficiles à mesurer avec des mé-
thodes accélérées. 

Mots-clés 
Métakaolin, calcaire, ciment sulfo-alumineux, température, assemblage de phase, modélisation thermodynamique, 
hydratation, microstructure, résistance à la compression, résistance aux chlorures. 
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1.1 Background of the thesis 
Concrete is the most used as construction materials because it is cheap and has good performance. The 

demand for concrete rises every year. The main component of concrete is cement which releases 0.65 to 0.95 tons of 
CO2 per one ton produced [1]. There are two main sources of CO2 in cement production [2].  First (about 60%) is the 
decomposition of limestone, the main ingredient of the raw meal, to produce clinker. Second is the fuel needed to 
produce the temperature around 1450°C needed to produce clinker. Most current research on cements is motivated 
to reduce CO2 emission from the cement production.   

There are two main approaches to lower the CO2 emissions related to the cement [2]. The first approach is to use 
supplementary cementitious materials (SCMs). This approach can reduce CO2 emission by lowering the clinker factor 
in cement. Replacing clinker with SCMs such as fly ash (low and high Ca fly ash), ground granulated blast furnace slag 
(GGBFS) and natural or industrial pozzolans to Portland cement is a common practice in the cement industry, but 
these classic SCMs are in relative short supply compared to the demand for cement [3]. Calcined clay containing me-
takaolin is one of the promising materials to increase the supply of SCMs because it is very abundant and widely avail-
able worldwide [4]. Metakaolin, an amorphous aluminosilicate-rich material, is also more reactive than common SCMs 
such as fly ash [5]. Finally, the substitution level of metakaolin with limestone can reach 50% with similar mechanical 
properties to plain Portland cement at 7 days [6].  

The other approach to reduce CO2 emission is to use alternative binders which can reduce the firing temperature and 
the limestone content in a raw meal. One example of these binders is calcium sulfoaluminate (CSA) cements which 
contain ye’elimite (C4A3Sത or Ca4Al6O12SO4) as the main reactive component. There are different types of CSA cement 
depending on their composition: high ye’elimite and low ye’elimite commonly called BYF (Belite-Ye’elimite-Ferrite). 
CSA is generally produced with the same process as Portland cement clinker but the firing temperature is about 200°C 
lower [7]. BYF cements or high belite CSA cement are of interest due to lower cost of raw materials than the high 
ye’elimite CSA. The CO2 emission of BYF clinker can be reduced about 30% compared to Portland cement [8]. 

CSA and OPC blended with metakaolin have higher alumina contents compared to the Portland cement composition. 
Although the phase compositions of these binders and the hydration kinetics are different [9], the overall chemical 
composition is similar, so, it might be expected, that the final phase assemblage at complete hydration would be simi-
lar [9]. In the PC based system, the reaction of C3S starts first, resulting in the precipitation of C-S-H and portlandite. 
The reaction of metakaolin provides additional C-S-H and AFm phases due to the pozzolanic reaction [10].  When the 
content of metakaolin is high enough, strätlingite can be observed [11,12]. In the case of CSA, ye’elimite reacts first 
with sulfate leading to the formation of ettringite, monosulfate and aluminium hydroxide. Monocarbonate, gibbsite or 
hydrogarnet can be found depending on the presence of minor phases in CSA cement [13]. The reaction of belite is 
slower, resulting in the formation of strätlingite and C-S-H at later age [13].  

These two types of low CO2 binders with similar chemical composition have been previously investigated by M. Zajac 
et. al. [9]. The phases formed were ettringite, AFm, C-S-H and strätlingite but the quantities were different depending 
on the reaction kinetics of anhydrous phases in the binders. The phase assemblages formed in the different systems 
had a strong influence on the microstructure. The microstructure is only densified when the silicate phase starts to 
react. This study investigated the hydration and microstructure at room temperature but did not link these to the 
properties of these two types of low CO2 binders. 

Most previous investigations of low CO2 binder have been at room temperature but in practice concrete is used in 
different climates. The hydration of cementitious materials is sensitive to temperature. The hydration rate is de-
creased at low temperature and enhanced with increasing temperature. The influence of temperature on the hydra-
tion of Portland cement [14–19] was well investigated and some studies have been made on blended cements [20–
22]. However, the effect of temperature on the hydration of metakaolin blends [23,24] and CSA [25–27] are scarce in 
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the literature. The sensitivity to temperature is important to verify if a cement can be used reliably in a wide range of 
conditions. 

Thermodynamic modelling is more and more used because it helps to understand the effect of binder composition or 
temperature on hydrate assemblage [28]. Thermodynamic modelling of hydrate phase assemblages was studied and 
verified in the real Portland cement system [16,29,30]. However, there are several difficulties to apply thermodynamic 
modelling to higher alumina systems. Siliceous hydrogarnet, which may form in such systems, is not well crystalline 
and difficult to detect by XRD or TGA. Thermodynamically incompatible hydrates are often observed co-existing, e.g. 
strätlingite and portlandite, in the real systems of Portland cement blended with metakaolin  [12,31]. For CSA, ther-
modynamic modelling has also been used to predict the phase assemblages in the studies of BYF cement [13,32,33]. 
The presence of alumina-containing amorphous phases (i.e. aluminium hydroxide) and metastable phases (i.e. CAH10) 
are challenging to quantify. The stability of these phases changes as a function of temperature [34], making prediction 
of phases assemblage thermodynamic modelling difficult.  

Good mechanical properties are the first requirement for the construction materials. Several studies have looked at 
the relation of hydration and microstructure to the compressive strength in the higher alumina system at room tem-
perature [6,31,33,35,36]. However, understanding of the influence of temperature on compressive strength in these 
systems is still limited [25,37].  

Concrete is a construction material used in various environments e.g. in sea water. Therefore, it is important to also 
study durability. Some studies claimed that higher alumina systems show good performance with respect to chloride 
resistance [38–40]. However, the effect of temperature on the chloride ingress and a direct comparison between the 
metakaolin blends and the CSA system have not been reported. 

 1.2 Objectives of the thesis  
The general goal of this thesis is to identify the influence of temperature on the hydration and microstructure of two 
higher alumina systems with similar chemical composition but contrasting reactions, and to link these to the proper-
ties and durability performance of the materials. The chemical composition was decided to minimize the iron content 
to reduce the number of variables and facilitate NMR. 

 1.3 Research approach and the content of the thesis 
Portland cement blended with metakaolin and a laboratory produced belite-ye’elimite binder are the higher alumina 
binders studied in this thesis. The compositions of these two systems were chosen to have a similar chemical composi-
tion as seen in the ternary plot in Fig. 1-1. Therefore, differences in phase assemblage comes from the hydration pro-
cess. The presence of limestone in the metakaolin blends was also investigated. Plain Portland cement was used as a 
reference system. For the CSA system, BY clinker was produced in the laboratory with no ferrite to be able to compare 
with the PC systems which aimed to use a low iron content in the system. The main parameter investigated was tem-
perature. Realistic temperature conditions were studied: 5, 20, 40 and 60°C. The water to binder ratio (w/b) was fixed 
at 0.6 so the hydration was not significantly limited by the space available. It is irrelatively high w/b ratio than used in 
practice to ensure high degree of hydration can be achieved for the comparison with thermodynamic modelling. 
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Fig. 1-1 The CaO-Al2O3-SiO2 ternary plot in wt.% in the presence of excess phase pore solution, ferrihydrite and possi-
bly calcite modified from [41]. 

 

To be able to achieve the goal, the effect of temperature was investigated in 3 main parts: 

1. Stability of phase assemblages 

2. Hydration as a function of time and microstructure 

3. Mechanical properties and durability 

 

The thesis is divided into 7 chapters. The content of each chapter is presented as follows: 

Chapter 1 includes the background of the thesis. The motivation, the main objectives, the approach and the layout of 
this thesis are described. 

Chapter 2 presents the material preparations. It shows the sulfate content optimization for the PC based systems. And 
explains why this led to the use of a light grey cement instead of a white Portland cement. For the CSA system, the 
steps and conditions of a laboratory production of belite-ye’elimite clinker are described. The basic characterizations 
of the raw materials are also included. 

 

The remaining chapters present the main results. They are written in the form of papers for submission in peer-
reviewed journals, although there are at various stages of completeness. Some of the chapters will need to be restruc-
tured before submission, as it has been chosen to give more details and data in the thesis for completeness. 

 

Chapter 3 is a comparison of phase assemblages of the PC based system between experimental data at 90 days and 
results from thermodynamic modelling at different temperatures to understand the thermodynamically stable condi-
tion and non-equilibrium condition. The differences between experimental data and thermodynamic modelling are 
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further investigated to identify possible kinetic hindrance phenomena, or the need for improvement in the thermody-
namic database. 

Chapter 4 provides the result of phase assemblages of the CSA system. Following the same approach as given in Chap-
ter 3.  

Chapter 5 looks at the kinetics of reaction in the two systems. Phase evolution and bound water were investigated 
with time as a function of temperature. Various techniques were applied to the two contrasting systems for micro-
structural characterization. The microstructures of the high alumina system at 90 days are compared, then linked to 
the hydrate formation in the microstructure. The MIP porosity of the investigated system are also reported in this 
chapter. The link between compressive strength and the phase assemblage and microstructure. The combined water 
fraction (CWF) [42] was applied to investigate the correlation between the formation of hydrates and the compressive 
strength. The degree of hydration of clinker and porosity are also examined to relate with the compressive strength. 
The effect of microstructure and the contribution of the C-S-H in the CSA to the compressive strength are also dis-
cussed.  

Chapter 6 reports the results on the transport properties focusing on the chloride ingress for the investigated system 
at different temperatures. To be able to understand and explain the chloride ingress in the cement paste, the effective 
diffusion coefficient obtained from the mini-migration method [38] was compared to the penetration depth from the 
bulk diffusion test. . The effective conductivity and the ion conductivity were studied to understand the ion transport 
properties in the cement pastes. The possibilities of applying the techniques which are based on the PC setup to the 
CSA system is also discussed. 

Chapter 7 summarizes the main findings and provides perspectives for the future work. 
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2.1 Portland cement (PC) system  2.1.1 Commercial cement 
One of the main goals of this project is to study hydration as a function of temperature of higher alumina 

systems. The studied systems need to react correctly over the temperature range studied. In particular, aluminates 
hydration must be correctly controlled to occur after the silicate reaction. Sulfate is used in cement to retard the C3A 
reaction so it mainly takes place after the C3S reaction and to prevent flash setting [1]. Fig. 2-1 shows a typical calo-
rimetry curve of a Portland cement with a correct level of sulfate addition. The reactions of C3S and aluminates are 
indicated. The first peak is associated with an alite reaction. The second peak is attributed to the aluminate reaction. 
The third peak corresponds to the formation of AFm phases. However, the temperature modifies the relative extent of 
reaction of alite and C3A. Therefore, the sulfate addition must be corrected for all temperatures.  

 

 

Fig. 2-1 A typical heat flow curve of OPC [2]. 

 

Ideally, all system should have a similar SO3 content at all temperatures in order to be able to compare the thermody-
namic calculations easily. The sulfate addition was verified from the heat of hydration obtained by isothermal calo-
rimetry. Initially, the project was designed for White Portland cement (WPC) because the solid-state NMR was 
planned to quantify the anhydrous reactions, in particular metakaolin [3]. This technique has a better noise to signal 
ration when the iron content is low. Hence, WPC was used for the initial hydration study during the first year. For 
sulfate adjustment, a chemical grade gypsum (G) was used in this study. With higher temperatures, there were a lot of 
problems from undersulfation, as shown in Fig. 2-2. The aluminate reaction is accelerated with increasing tempera-
ture. At 60°C, silicate and aluminate peaks are combined even when a high sulfate content was used (5 wt.%). The 
results show that the reactions of silicate and aluminate cannot be clearly separated at high temperature although 
more gypsum was added. The problem became worse when WPC was blended with metakaolin and limestone, called 
WPCMKLS (see Fig. 2-3).  
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Fig. 2-2 Sulfate adjustment on white Portland cement at (a) 20, (b) 40 and (c) 60°C with additional sulfate in (wt.%) 

 

 

Fig. 2-3 Sulfate adjustment on white Portland cement blended with metakaolin and limestone (WPCMKLS) at (a) 20, 
(b) 40 and (c) 60°C with additional sulfate. 

 

Therefore, progress was delayed until the focus was switched to a light grey cement (LGC) which is a Portland cement 
with low iron content (1.2%). LGC seems to be more stable with respect to sulfate addition.  

 

The two types of cements; WPC and LGC, were studied by isothermal calorimetry. Fig. 2-4 shows the comparison of 
heat of hydration between WPC and LGC at 40°C when 3% of gypsum was added. WPC reacts slightly faster than LGC, 
but the silicate and aluminate peaks are overlapping, while for LGC it is still possible to separate the two peaks even 
without additional gypsum. At 40°C, when sulfate is added, the silicate peak is suppressed, while it is slightly enhanced 
for LGC. Because the hydration of LGC samples was more consistent with temperature, it was chosen as the main 
OPC-type cement for this project. 
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Fig. 2-4 Heat of hydration of WPC and LGC without gypsum and with 3% of gypsum at 40°C 

 2.1.2 Sulfate optimization 
The heat flow of LGC as-received, which has optimized sulfate for 20°C and the two blended systems before 

adjusting the sulfate content at 20, 40 and 60°C are shown in Fig. 2-5. The aluminate peak of the blended systems is 
strongly increased and it slightly overlaps with the silicate peak when metakaolin (MK) is present. The heat flow curves 
at high temperature show undersulfation, therefore sulfate optimization is necessary at higher temperatures.  

 

Fig. 2-5 Heat of hydration of LGC, LGCMK and LGCMKLS at temperatures of (a) 20, (b) 40 and (c) 60°C without addi-
tional sulfate. 

 

Sulfate adjustment at 20, 40 and 60°C was carried out by using isothermal calorimetry (TAM Air, TA instrument). The 
composition of binders is shown in Table 2-1. The homogenized binders, deionized water, glass ampules and caps 
were equilibrated overnight at the intended curing temperature before mixing. Cement paste was mixed with water 
to binder ratio of 0.4 by a bench top mixer with 1600 rounds per minute (rpm) for 2 minutes. A small amount of poly-
carboxylate (PCE) was added to obtain an adequate workability of the cement paste during the mixing. 10 g of paste 
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were transferred into a glass ampoule, sealed and placed in the calorimeter directly after mixing. Water was used as a 
reference sample with the same specific heat as the paste in this study.  

The optimized gypsum contents in the blends at all temperatures were 3%, 4% and 4% by weight corresponding to the 
SO3 content in the cement of 4.6, 4.4 and 4.1% for LGC, LGCMK and LGCMKLS, respectively. The amount of SO3 in the 
cements for each system that was used in the subsequent studies is as shown in Fig. 2-6.  

 

Table 2-1 The composition of binder for sulfate adjustment (in wt%). 

  LGC Metakaolin Limestone 

LGC 100 0 0 

LGCMK 80 20 0 

LGCMKLS 70 20 10 
 

 

 

Fig. 2-6 Heat of hydration of LGC, LGCMK and LGCMKLS at temperatures of (a) 20, (b) 40 and (c) 60°C with sulfate 
optimization. 
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2.2 Calcium sulfoaluminate system (CSA) 
The initial goal of this part was to synthesize belite clinker and ye’elimite clinker separately because it was 

planned to study the belite hydration.  Ye’elimite synthesis was accomplished. However, belite synthesis could not be 
reproduced on a large scale due to a high gamma belite content which is not reactive. The details of clinker synthesis 
and basic characterization are in Appendix A.  The trials of belite clinker synthesis were carried out for two years with-
out success. Therefore, to obtain results before the end of the thesis, it was decided to use a polyphase clinker, easier 
to synthesize in large quantities.  

 2.2.1 Clinker synthesis 
The target of the polyphase clinker was set to obtain 60% of -belite and 40% of ye’elimite with less than 

2% of minor phases such as lime and anhydrite and no alite. The raw materials used for a laboratory prepared belite-
ye’elimite (BY) clinker are chemical reagent grade. The composition of the raw meal mix is shown in Table 2-2. The BY 
clinker was prepared using an adaptation of the cylinder method presented by X. Li et al. [4]. 

 

Table 2-2 Chemical reagents and mix design used for a laboratory prepared belite-ye’elimite clinker. 
 

Oxides Details Brand  wt% 

CaCO3 Precipitated low alkali content VWR Chemicals 61.5 

SiO2 Silica, fumed powder 0.007µm ALDRICH 14.4 

Al2O3 Aluminium oxide, anhydrous (𝛾-alumina) MERCK 14.5 

CaSO4.2H2O  Calciumsulfate Dihydrate ≥ 98%  Carl ROTH 9.6 
 

The chemical reagents were mixed with distilled water with a water to solid ratio of 1:1 in a ceramic jar with ceramic 
balls. The raw meal was homogenized on a roller mill for 24 hours, then it was separated from the ceramic balls. The 
wet raw meal was transferred to cardboard cylindrical containers and dried in the oven at 110°C for at least 48 hours 
before sintering. The dried raw meal cylinders were transferred in platinum or alumina crucibles. The synthesis was 
carried out at 1300°C with a heating rate of 7°C/min and held at the maximum temperature for 1 hour in a static fur-
nace. Then, the clinker was quenched from 1300°C at room temperature with air flow from an electric fan. The output 
of this laboratory clinker synthesis is about 500g per batch which corresponds to 3 cylinders of clinker. The schematic 
of clinker synthesis is shown in Fig. 2-7. Every clinker cylinder was sampled in the middle for the XRD analysis to con-
trol the quality of clinker, as shown in Fig. 2-8. The BY clinker was ground in a concentric disc mill in batches of 100 g 
for 30 seconds twice (60 seconds in total) with 7-10 drops of isopropanol as a grinding aid. The laboratory prepared 
clinker was ground by a disc mill, resulting in very fine particle size compared to the other raw materials. 
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Fig. 2-7 A schematic of clinker synthesis adapted from the cylinder method [4]. 

 

 

Fig. 2-8 XRD plot of a laboratory prepared belite-ye’elimite clinker: B = beta-belite, Y = ye’elimite. 

 

The clinkers in some batches contain free lime and anhydrite as minor phases less than 1%. Free lime can accelerate 
the reaction of belite-ye’elimite clinker. However, the reaction is sensitive to the amount of free lime in the clinker, as 
shown in Fig. 2-9. In addition, it is difficult to control the content of free lime during synthesis to have the right 
amount for the reactivity. Therefore, free lime needs to be strictly controlled in the clinker less than 0.5%. 5 kg of 
ground clinker was combined into batches to achieve this target. The composition of belite-ye’elimite clinker from 
different batches is shown in Table 2-3. 
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Fig. 2-9 Heat flow of different BY clinkers containing 0, 0.3, 0.8 and 1.2% free lime (L) with fixed calcium sulfate to 
ye’elimite ratio of 1:1 and water to binder ratio of 0.6. 

 

Table 2-3 The composition (wt %) of belite-ye’elimite clinker from different batches 

  Belite Ye'elimite 
(orthorhombic) 

Ye'elimite 
(cubic) Free lime Anhydrite 

Batch 1 60.3 37.0 2.4 0.3 0.0 

Batch 2 59.7 34.9 5.2 0.0 0.1 

Batch 3 59.5 35.3 5 0.0 0.1 

Batch 4 59.6 35.5 4.9 0 0.1 
 2.2.2 Mayenite adjustment 

The reactivity and the behaviour of BYF cement is also difficult to control. It can differ from one clinker to 
another with small changes in the raw materials, as shown in Fig. 2-10 [5]. Therefore, the reactivity control is needed 
for BY cement to be as close as the commercial cement. 
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Fig. 2-10 heat flow curves of 3 different BYF industrial cement, where only minor phases and alkalis content are differ-
ent) at 20°C and w/c ratio of 0.5 [5]. 

 

The BY clinker was blended with micro-anhydrite (mAH), which is a reactive anhydrite, at a sulfate to ye’elimite molar 
ratio of 1:1, called BY40. The water to binder ratio (w/b) of 0.6 was used for mayenite optimization (same as the one 
used in this study). Mayenite (C12A7), which was synthesized separately following the steps in [6], was provided from 
HeidelbergCement Technology Center (HTC). 

An example of the heat flow curves of BY40 using clinker batch no. 2 at 20°C is shown in Fig. 2-11. Micro-anhydrite 
retards the reaction of ye’elimite. The main peak starts around 33 hours which is very late compared to the commer-
cial BYF cements in Fig. 2-10. The hydration of ye’elimite is very sensitive to the presence of a small amount of maye-
nite (MY) [6]. Therefore, a small amount of mayenite is also added in this study to accelerate the hydration. The heat 
flow of BY40 with 0.5% of mayenite shows the main peak around 10 hours, as shown in Fig. 2-11. Therefore, the reac-
tivity of the different batches of clinker was adjusted by adding mayenite to control the main peak to around 6-12 
hours. Different amounts of mayenite were needed in different batches mainly due to the varying free lime content. 
Each batch of the BY clinker was adjusted with respect to the mayenite content addition by isothermal calorimetry. 
The list of clinker batches used in each experiment in this study with mayenite optimization is given in Table 2-4. 
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Fig. 2-11 Heat flow of different content of mayenite added to BY40.  

 

Table 2-4 The clinker batch used in the experiment with mayenite optimization. 

Batch 
number 

Mayenite 
(wt.%) Experiment Chapter 

1 0.25  Hydration study 
Effective conductivity 

4 and 5A 
6 

 

2 0.5 Bulk diffusion 
Isothermal calorimetry 

6 
5A 

 
3 0.4 Compressive strength 5B 

 

4 0.4 Pore solution 
Mini migration 

5A 
6 

 2.3 Characterization of raw materials 
The raw materials used in the PC system are light grey cement (LGC), metakaolin (MK, 95% purity from Bur-

gess) and limestone (LS, Durcal 5 from Omya). A laboratory produced BY clinker, anhydrite (natural source) and a syn-
thetic mayenite were used as raw materials in the CSA system. The chemical composition and particle size distribution 
of raw materials determined by X-Ray fluorescence (XRF) and laser diffraction (Malvern MasterSizer S) are shown in 
Table 2-5. About 0.1 g of powder was dispersed in isopropanol in small plastic containers. The suspension was stirred 
and dispersed using an ultrasonic probe for 15 min. After the dispersion, the suspension was transferred to the meas-
uring unit filled with isopropanol until the proper level of the obscuration was reached. The refractive index and imag-
inary index of the raw materials are shown in Table 2-6.  
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The phase composition (by XRD/Rietveld) is given in Table 2-7. The phase composition of BY clinker reported in this 
table is the average value from the 4 batches. The back-loading method was applied to reduce the effects of preferred 
orientation. The samples were characterized in Bragg-Brentano mode by a X’Pert PANalytical diffractometer with a 
CuK source with 45 kV and 40 mA. Continuous rotation was applied during the acquisition. Samples were scanned 
from 2 theta between 5 and 70 degrees for a total duration of 30 minutes. A summarized table of the mix design and 
the chemical composition of the investigated systems of this study is shown in Table 2-8. 

 

Table 2-5: Chemical composition and particle size value of the raw materials. 

PSD LGC MK LS BY clinker Anhydrite MY 

Dv,10 1.26 0.54 2.27 0.54 2.7 0.25 

Dv,50 8.44 5.13 7.71 4.34 8.41 8.97 

Dv,90 24.37 20.17 19.3 15.88 29.88 31.75 

XRF (wt.%) 

SiO2 22.4 52.0 0.11 18.9 2.5 0.1 

Al2O3 3.8 43.8 0.00 20.9 0.6 50.1 

Fe2O3 1.2 0.3 0.04 0.0 0.3 0.1 

CaO 65.6 0.0 56.16 53.1 38.7 47.6 
MgO 0.8 0.0 0.15 0.1 1.9 - 

SO3 3.3 0.1 0.03 6.4 52.2 0.1 

K2O 0.7 0.1 0.01 - 0.2 - 

Na2O 0.2 0.3 0.06 0.1 0.1 0.1 

TiO2 0.2 1.5 0.01 - - - 

P2O5 0.1 0.2 0.00 0.0 0.0 0.0 

Others 0.0 0.1 0.00 0.0 0.2 0.0 

*LOI 1.1 1.5 43.43 0.6 3.4 1.2 
Sum 99.6 100.0 100.0 100.0 100.2 99.4 

*LOI = Loss of ignition  
 

 

Table 2-6 Parameters used for particle size distribution analysis. 

  Refractive index Imaginary index 
LGC 1.7 0.1 

Metakaolin 1.53 0.001 
Limestone 1.6 0.001 
BY clinker 1.66 0.001 
Mayenite 1.62 0.001 
Anhydrite 1.53 0.001 
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Table 2-7 Phase composition of the raw materials. 

XRD (wt.%) LGC MK LS BY clinker* Anhydrite MY 

C3S 60.6 - - - - - 

C2S 21.5 - - 59.8 - - 

C3A 9.1 - - - - 1.9 

C4AF 1.4 - - - - - 

C4A3$ - - - 35.7 - - 

C12A7 - - - - - 97.5 

CA - - - - - 0.6 
Dolomite - - - - 6.9 - 
Free lime - - - 0.1 - - 

Portlandite - - - - 0.1 - 
Calcite 1.5 - 99 - - - 

Dolomite 0.7 - 0.7 - - - 
Gypsum 0.2 - - - 2.5 - 

Anhydrite 4.7 - - 0.1 77.7 - 
Quartz 0.3 - 0.3 - 2.3 - 

Metakaolin - 94.2 - - 1.2 - 
Rutile - - - - 8.5 - 

Anatase - 1.2 - - 0.7 - 
Mullite - 4.6 - - - - 

Muscovite - - - - - - 
Cristobalite - - - - - - 

    

Sum 100.0 100.0 100.0 100 99.9 100.0 
*Average phase composition from 4 batches of BY clinker given in Table 2-3. 
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Table 2-8 Mix designs and chemical composition of the investigated systems. 
 

Mix design LGC LGCMK LGCMKLS CSA 
LGC 97 76 66 - 
MK 0 20 20 - 
LS 0 0 10 - 
GS 3 4 4 - 

BY clinker - - - 89.2 
Anhydrite - - - 10.6 
Mayenite - - - 0.25 

XRF (wt.%)   
SiO2 21.8 27.4 25.2 17.3 

Al2O3 3.7 11.7 11.3 18.6 

Fe2O3 1.2 1.0 0.9 0.1 

CaO 64.6 51.2 50.1 52.1 
MgO 0.7 0.6 0.5 0.3 
SO3 4.6 4.4 4.1 11.2 

Na2O 0.2 0.2 0.2 0.1 

K2O 0.7 0.6 0.5 0.0 

TiO2 0.2 0.5 0.4 0.0 

P2O5 0.1 0.1 0.1 0.0 

MnO 0.0 0.0 0.0 0.0 
SrO 0.0 0.0 0.0 0.0 

Cr2O3 0.0 0.0 0.0 0.0 

ZnO 0.0 0.0 0.0 0.0 
LOI* 1.7 1.9 6.1 0.9 

   
SUM 99.6 99.7 99.5 100.6 
*LOI = Loss of ignition  
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Abstract 

The influence of metakaolin on phase assemblages compared with Portland cement within a temperature 
range of 5 to 60°C is investigated. This study focuses on a comparison between thermodynamic modelling and exper-
imental data from combined techniques at 90 days of hydration. In general, temperature accelerates the reactivity of 
anhydrous phases, but low reactivity of belite is found in the blended systems. An overall good agreement between 
experimental data and thermodynamic modelling on qualitative data is observed with some discrepancies which are 
further investigated. The Al incorporation in the C-S-H is higher when metakaolin is present and it increases with in-
creasing temperature. Various AFm types and solid-solutions can be observed depending on the temperature. 
Strätlingite is more stable at low temperature in metakaolin blends, but significantly less strätlingite is observed when 
limestone is present in the ternary system. Iron present is observed to be in siliceous hydrogarnet and possibly also 
into the strätlingite structure, for the blended system at low temperature as indicated by SEM-EDS mapping together 
with image analysis. 

 

Keywords: Blended cement, Metakaolin, Limestone, Hydration, Phase assemblages, Thermodynamic modelling, tem-

perature. 
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3.1 Introduction 
Supplementary cementitious materials (SCMs) are widely used in the cement industry for environmental 

and economic purposes [1]. Calcined clays, containing metakaolin as a main component, is a promising material for a 
sustainable cement and received more interest [2]. Metakaolin is considered as a pozzolanic material. The presence of 
metakaolin in cement increases the Al and Si when compared to Portland cement and therefore the final phase as-
semblage changes. The reaction of metakaolin leads to the formation of additional C-S-H with higher Al/Si ratio and 
monosulfate [1,3,4]. Strätlingite formation is strongly dependent on the degree of hydration of metakaolin and the 
type of AFm, sulfate or carbonate anions [3,5]. The presence of limestone in Portland cement generally stabilizes 
monocarbonate and hemicarbonate instead of monosulfate, preventing the transformation of ettringite into monosul-
fate [6].  

High temperatures can accelerate the reaction of clinker and SCMs [7]. It also modifies the stability of the hydrates 
[7,8]. The main temperature effect in Portland cement is on the calcium aluminate hydrates [6,7,9]. Monosulfate be-
comes more stable than ettringite at elevated temperature [7]. Ettringite can form a solid solution with carbonates 
(CO3-AFt) at low temperature [9], while monocarbonate becomes less stable at high temperature [7].  

Previous studies have focused on the study of the effect of temperature on Portland cement and blended cements 
with SCMs, such as slag, fly ash and limestone [7,9–11], but little data are available for temperature effect in me-
takaolin blends [4]. Available studies on the Portland cement blended with metakaolin focus on ambient temperature 
[3,5,12]. The aim of this study is to identify the hydrated phases in Portland cement blended with metakaolin in the 
temperature range of 5 to 60°C from the experimental data and thermodynamic modelling of equilibrium stage. The 
change of phase assemblages is investigated by XRD, TGA, solid-state NMR, SEM-EDS and image analysis. The differ-
ences between experimental data and thermodynamic modelling are further investigated to identify possible kinetic 
hindrance phenomena, which could lead to further changes in the long term.  3.2 Materials and methods 3.2.1 Raw materials  

Commercial Light grey cement (LGC), a high grade metakaolin (MK), commercial limestone (LS) and a chem-
ical grade of gypsum were used as raw materials. LGC is a Portland cement CEM I 52.5 R with low iron content. The 
chemical composition, mineralogical and particle size value of these materials were determined by X-Ray fluorescence 
(XRF), X-ray diffraction (XRD) and laser diffraction (Malvern MasterSizer S), as shown in Table 3-1. The mineralogy of 
raw materials was determined by Rietveld XRD with a back-loading method. The detailed parameters will be discussed 
in section 2.4.1. Samples were scanned from 5 and 70 degrees 2 for a total duration of 30 minutes. For particle size 
distribution measurement, the powder approximately 0.1 g was mixed in the isopropanol. The suspension was stirred 
and placed in an ultrasonic probe for 15 minutes, then transferred to the measuring unit filled with isopropanol until 
reaching the proper level of obscuration. The optical model was set following the recommendation given in [13]. 
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Table 3-1 Elemental and mineral composition and particle sizes of the raw materials. 

PSD LGC Metakaolin Limestone XRD (wt.%) LGC Metakaolin Limestone 
Dv,10 1.26 0.54 2.27 C3S 60.6 - - 
Dv,50 8.44 5.13 7.71 C2S 21.5 - - 
Dv,90 24.37 20.17 19.3 C3A 9.1 - - 

XRF (wt.%)   C4AF 1.4 - - 
SiO2 22.4 52.0 0.11 Calcite 1.5 - 99 

Al2O3 3.8 43.8 0.00 Dolomite 0.7 - 0.7 
Fe2O3 1.2 0.3 0.04 Gypsum 0.2 - - 
CaO 65.6 0.0 56.16 Anhydrite 4.7 - - 
MgO 0.8 0.0 0.15 Quartz 0.3 - 0.3 
SO3 3.3 0.1 0.03 Metakaolin - 94.2 - 
K2O 0.7 0.1 0.01 Anatase - 1.2 - 

Na2O 0.2 0.3 0.06 Mullite - 4.6 - 
TiO2 0.2 1.5 0.01   

P2O5 0.1 0.2 0.00   

Others 0.0 0.1 0.00   

*LOI 1.1 1.5 43.43   
     

Sum 99.6 100.0 100.0 100.0 100.0 100.0 
*LOI = Loss of ignition    

 3.2.2 Preparation of cement pastes and hydration stoppage 
The composition of the investigated system in this study is given in Table 3-2. Sulfate adjustment [14] was 

carried out up to 3 days by isothermal calorimetry. A small amount of gypsum was added to the systems to control the 
hydration kinetics and obtain a similar range of SO3 content at all temperatures (see Chapter 2).  

 

Table 3-2 Cement composition (wt.%) of the investigated systems 

System LGC Metakaolin Limestone Gypsum SO3* 

LGC 97 0 0 3 4.6 

LGCMK 76 20 0 4 4.4 

LGCMKLS 66 20 10 4 4.1 

* Total SO3 in gypsum and cement 

 

The binders were equilibrated overnight with at the curing temperature before mixing. The dry powders were blended 
with a laboratory benchtop mixer at 1200 rpm for 1 minute and a small amount of admixture, polycarboxylate (PCE), 
was added into the distilled water before mixing for controlling the workability of the cement paste. Cement pastes 
were blended with a water to binder ratio (w/b) of 0.6, in order to compare with the CSA system, by the mixer at 1600 
rpm for 2 minutes. The samples were cast in a 50 ml polypropylene container under sealed condition with a few drops 
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of distilled water on top of the paste. The samples were stored in the controlled temperature at 5, 20, 40 and 60C for 
90 days.  

Hydration was stopped by solvent exchange method as prescribed in [13]. The cement pastes were cut on a benchtop 
by a circular saw with water-cooling. The fresh slices of 2-3 mm thickness were immersed in the isopropanol for one 
week. The isopropanol was changed at 1, 3 and 7 days. The sample was placed in a plastic bag with a hole and dried in 
a desiccator under light vacuum at least 7 days before the analysis. 

 3.2.3 Selective dissolution  
Selective dissolution [15] is a method that can dissolve major phases from the cement paste. As a result, the 

minor phases in the residue can be identified by XRD. A salicylic acid with methanol (SAM) extraction was applied in 
this study to dissolve alite, belite, portlandite, C-S-H, AFt and AFm phases. The residue of siliceous hydrogarnet and 
hydrotalcite can be detected. The experiment method was adapted from [16]. A mixture of 600 ml of methanol and 
40g of salicylic acid was stirred on a magnetic stirrer. Then, 10 g of the sample after stopping hydration were added 
into the mixture. The suspension was stirred for 2 – 3 h, then settled for about 30 min. The suspension was filtered 
with vacuum using 0.45m nylon filters, washed with methanol and dried at 90C for 45 – 60 min. The residue was 
analysed by XRD. 

 3.2.4 Methods of analysis  
X-ray diffraction was conducted by a PANalytical X’per Pro diffractometer using CuK12 source. The X-ray 

tube worked at 45 kV and 40 mA ( = 1.54 Å) and the Bragg-Brentano configuration included a fixed diverge slit of 
1/2, a Soller slit of 0.04 rad and mask of 15 mm. The patterns were recorded between 5 and 70 (2) using a step size 
of 0.017. The total duration of the analysis for the powder sample and the fresh disc are 30 min and 15 min, respec-
tively. Rutile was used as an external standard to quantify the amorphous content in the cement paste. The quantita-
tive phase assemblages were carried out by using Rietveld refinement method with the High Score Plus software, 
using the reference pattern presented in Table 3-3. The structure of monosulfate 14 (Ms14) for XRD Rietveld refine-
ment is modified from kuzelite crystal structure (ICSD-100138) [17] with refined lattice parameters of a  5.750.01 Å 
and c  28.4 – 28.6 Å. The structure of solid solution of AFm (AFmss) is modified from hemicarbonate structure with 
refined lattice parameters of a  5.7760.01 Å and c  50.80.1 Å. It is considered as hemicarbonate in the quantifica-
tion. The partial or no known crystal structure (PONKCS) approach is used to estimate the C-S-H and metakaolin back-
ground. The experimental errors of XRD were estimated on the quantified amount of alite and belite on 90 days sam-
ples analysed with two replicates. The error limits of the XRD Rietveld quantification is around 2% mass.  
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Table 3-3 Mineralogical references for quantitative Rietveld refinement on XRD patterns (ICSD). 

  ICSD     ICSD 

C3S 94742  Ettringite 155395 

C2S 81096  Monosulfate-14 100138 

C3A  1841  Monosulfate-12 100138 

C4AF 9197  AFmSS 263124 

Gypsum 151692  Hemicarbonate 263124 

Anhydrite 28546  Monocarbonate 59327 

Calcite 73446  Strätlingite 69413 

Dolomite 66333  Si-Katoite 1720177 

Portlandite 202220  Quartz 174 

CSH crystalline 1028762     
 

The quantification done on fresh discs of cement paste is normalized to 100 g of anhydrous using the water to binder 
ratio (w/b) expressed in Equation 3-1. 

Equation 3-1:   W୧,୰ୣୱୡୟ୪ୣୢ =  W୧,ୖ୧ୣ୲୴ୣ୪ୢ × (1 + ୵ୠ )  

where Wi is weight percent. 

 

The degree of hydration (DoH) of anhydrous phases at time t was calculated from the mass fraction of reacted to 
initial amount. The formula for the calculation is given in Equation 3-2. 

Equation 3-2:    DoH (%)୲ = (୛బି୛౪୛బ ) × 100     

where W0 is initial amount, Wt is the amount at time t. 

 

A small piece of the dried sample was polished on every side of the surface to remove the carbonated area before 
being gently grinded in a ceramic mortar. About 50 mg of sample powder was placed in a 150L alumina crucible with 
a lid, then was analysed by TGA (Mettler Toledo TGA/SDTA 851 instrument) from 30°C to 1000°C with the rate of 
10°C/min and under 30 ml/min N2 gas flow. The weight loss from TGA analysis was used to obtain the amount of 
chemical bound water (BW) as shown in Equation 3-3. 

Equation 3-3:     BW =  ୛రబି ୛ఱఱబ୛ఱఱబ         

Where WT is the dry sample weight in grams at the respective temperature (°C) 
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A piece of sample was gently polished with a silicon carbide paper of 1200 grid to smoothen the surface. The samples 
were embedded in a low viscosity epoxy resin under the vacuum. The impregnated samples were hand-polished on a 
SiC paper of 1200 grid with isopropanol as a lubricant until the sample surface was uncovered. The sample was pol-
ished by diamond suspension of 9, 3, 1 and 1/4 m with 15 kN force and 150 rpm for all the polishing steps. The pe-
troleum was used as a lubricant during the fine polishing with diamond suspension. The polishing disc was washed 
every hour between the steps with soap and water using a brush. The residue on the sample surface was removed 
with the isopropanol in an ultrasonic bath. The polished samples were stored under vacuum desiccators for at least 
two days to evaporate the isopropanol before coating with carbon. The SEM-EDS investigations were carried out by 
using a FEI Quanta 200 scanning electron microscope equipped with a Bruker ASX microanalysis XFlash 4030 silicon 
drift detector for the EDS point analysis and the EDS mapping (tungsten filament). The acceleration voltages were 
15kV for the EDS point analysis and 12 kV for the EDS mapping with a working distance of 12.5 mm for both condi-
tions. 

 

The solid-state 29Si MAS NMR spectra were acquired on a Bruker Avance 400 NMR (9.39T) spectrometer using a 4 mm 
Bruker CP/MAS probe spinning speed of R = 10.0 kHz, single-pulse excitation with a pulse width of 1.75 s for a radio-
frequency (rf) field strength of B1/2 = 40 kHz, a relaxation delay of 30 s, and typically 2560 scans. The 29Si chemical 
shifts are referenced to neat tetramethylsilane (TMS), using a sample of -Ca2SiO4 ((29Si) = -71.33 ppm) as a second-
ary reference. The simulations of the 29Si MAS spectra employed procedures described elsewhere for anhydrous 
[18,19] and hydrated Portland cements [3,20,21]. The 27Al MAS NMR spectra were obtained on a Varian Direct-Drive 
VNMR-600 spectrometer using a home-built CP/MAS probe for a 4 mm outer-diameter zirconia (PSZ) rotor, a spinning 
speed of R = 13.0 kHz, a pulse width of 0.5 s for an rf field strength of B1/2 = 60 kHz, a relaxation delay of 2 s, and 
7,000 – 16,000 scan. The excitation pulse had a pulse width well below /6 (for 27Al, I = 5/2 in a solid) which ensures 
quantitative reliability of the intensities for the 27Al central transition for sites experiencing different quadrupole cou-
plings. A background spectrum of the probe itself with an empty spinning PSZ rotor was subtracted from the individual 
27Al MAS spectra. The spectra and 27Al Chemical shifts are relative to a 1.0 M aqueous of AlCl3·6H2O. The degree of 
reaction for alite, belite and metakaolin is calculated as DoH (t) = [I(t0) – I(t)]/ I(t0), from the relative intensities from 
the simulations of the 29Si MAS NMR spectra before (t0) and after hydration (t). The estimated error of DoH of alite and 
belite for the LGC system is  3%, whereas it is higher for the blended systems. For DoH lower than 10%, the error 
limit is of the order of  10%. 

 

The image analysis was carried out to confirm and identify the formation of phases of interest in the microstructure. 
The BSE images and EDS mapping data were linked using edxia [22]. The atomic ratio plots of the existing element in 
cement from the EDS map can provide the main phases and can be improvised to identify the minor elements present 
in the sample. Using the graphical interface of edxia, manually selected points in the ratio plots appear on the BSE 
image to match composition and structure.  

 

The hydrate assemblage was calculated using GEMS-PSI software [23,24] together with the PSI-Nagra database [25] 
and the cement CEMDATA18 database [26] using the CSHQ model for C-S-H. The average degree of hydration (DoH) of 
alite and belite and the degree of reaction (DoR) of metakaolin at 90 days of hydration between Rietveld quantifica-
tion and solid-state NMR were used as an input for the calculations. C-A-S-H composition was corrected for Al and 
sulphur uptake based on the composition found by SEM-EDS point analysis. Thaumasite is prohibited for all calcula-
tions. 
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3.3 Results and discussion 3.3.1 Reaction of anhydrous phases 3.3.1.1 Degree of hydration of main anhydrous phases: alite and belite 
Alite and belite are the main anhydrous phases present in unreacted LGC (60.6% and 21.5%, respectively). 

The degree of hydration (DoH) was obtained both by XRD Rietveld refinement and from the simulations of the 29Si-
NMR spectra. Fig. 3-1 shows a comparison of the DoH of alite and belite obtained from the two different techniques.  

Alite in the LGC system has reacted by more than 90% at all temperatures. A significant difference of DoH in the LGC 
system between the two techniques is observed in the case of belite although similar trends are observed. The DoH of 
belite increases with increasing temperature, as shown in Fig. 3-1a.  

In the LGCMK system, less than 10% of unreacted alite remains at all temperatures as shown in Fig. 3-1b, while the 
29Si-NMR results indicate about 20% unreacted alite. The LGCMKLS system shows a lower DoH of alite with increasing 
temperature, more clearly in the 29Si-NMR result. In the presence of metakaolin, a significantly lower belite reaction is 
observed than for the LGC system by both techniques. A decreasing trend of the DoH of belite at elevated tempera-
ture is observed only in the XRD result. 

The discrepancies between the DoH from the XRD Rietveld quantification and the 29Si-NMR results possibly come from 
the limitation of the techniques [19]. Overlapping peaks between alite – belite – ettringite in the XRD patterns corre-
sponding to 2 ~ 31 - 35° cause a significant uncertainty in the refinement especially at low alite and belite content, 
typically below 2%. Similarly, the precision of the 29Si-NMR deconvolutions decreases strongly at DoH below 10% due 
to small changes in signal intensity, in particular for belite which only constitutes 3 – 9% of the total 29Si NMR intensity 
for the hydrated blends. To avoid over or under estimation the DoH of alite and belite, the average values as given in 
Fig. 3-2 are considered as an input for thermodynamic calculation. 

 

 

Fig. 3-1 Comparison of degree of hydration (DoH) of alite and belite calculated by XRD Rietveld quantification and 29Si-
NMR of (a) LGC, (b) LGCMK and (c) LGCMKLS at 90 days of hydration.  
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Fig. 3-2 Average degree of hydration (DoH) of alite and belite of LGC, LGCMK and LGCMKLS at 90 days of hydration at 
different temperatures. 

 3.3.1.2 Degree of reaction (DoR) of metakaolin 
The DoR of metakaolin in the two blended systems at 90 days of hydration was obtained from the 29Si-NMR 

spectra, which give a clear reflection of the resonances from this phase as seen in earlier studies [3]. Fig. 3-3 shows an 
expected increasing trend of DoR for metakaolin with temperature for both systems. The DoR is 70% at 5°C and 
reaches about 90% in the sample cured at 60°C. The difference in DoR at different temperature leads to different 
amounts of Al available in the system to form the hydrates such as C-(A)-S-H and aluminate hydrates. The DoR of me-
takaolin in the LGCMK system is quite similar to the LGCMKLS system, indicating no significant effect of limestone on 
the MK reaction.  
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Fig. 3-3 Degree of reaction (DoR) of metakaolin calculated from 29Si-NMR spectra of LGCMK and LGCMKLS at 90 days 
of hydration at different temperatures. 

 3.3.1.3 The incorporation aluminium and sulfur in C-S-H 
SEM-EDS point analyses were conducted to characterize the calcium-silicate-hydrate (C-S-H) phase, which is 

poorly crystalline and has a variable composition depending on the systems and temperature [27–29]. The presence 
of metakaolin in Portland cement blends is expected to lead more Al in C-S-H [3]. The incorporation of Al in C-S-H can 
reduce the available Al content in the system to form aluminate hydrates.  

Fig. 3-4 shows the average composition of C-(A)-S-H of the investigated systems characterized by SEM-EDS point anal-
ysis for more than 200 points per sample. The points were manually selected in the inner C-(A)-S-H, and the C-(A)-S-H 
composition is determined as suggested in [30]. More scattered points were observed with the increasing tempera-
ture, thus higher error bars are given. The LGC system shows no significant change of C-S-H composition in the tem-
perature range of 5 - 60°C which is coherent to the previous work reported in [31]. It is clearly seen that the blended 
systems show more incorporation of Al in C-(A)-S-H and a higher Si/Ca ratio due to metakaolin reaction. Higher Al 
incorporation but lower Si/Ca is detected with increasing temperature which disagrees with the recent observation in 
[4].  A similar temperature trend is observed for LGCMK and LGCMKLS, but slightly lower Al incorporation in C-S-H in 
LGCMKLS. S/Si ratio is slightly increased with increasing temperature. The average composition of C-(A)-S-H for the 
investigated systems at different temperatures using thermodynamic modelling is given in the atomic ratio, as shown 
in Table 3-4.   
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Fig. 3-4 Average C-(A)-S-H composition of the investigated systems at 5, 20, 40 and 60°C analysed by EDS point analy-
sis: A = alite, B = belite, C-(A)-S-H = calcium aluminate silicate hydrates, CH = portlandite, Cc = calcite, E = ettringite and 

AFm = alumino-ferrite-mono-phase. 

 

Table 3-4: Average C-(A)-S-H composition of the investigated systems at 5, 20, 40 and 60°C analysed by EDS point 
analysis. 

Temperature Atomic ratio LGC LGCMK LGCMKLS 

5°C Ca/Si 1.89±0.04 1.43±0.06 1.47±0.05 

 Al/Si 0.08±0.02 0.26±0.02 0.24±0.02 

  S/Si 0.03±0.015 0.01±0.005 0.01±0.005 

20°C Ca/Si 1.85±0.04 1.43±0.05 1.47±0.05 

 Al/Si 0.06±0.02 0.27±0.02 0.26±0.03 

  S/Si 0.01±0.005 0.01±0.005 0.01±0.005 

40°C Ca/Si 1.89±0.08 1.52±0.07 1.61±0.04 

 Al/Si 0.06±0.03 0.3±0.04 0.29±0.04 

  S/Si 0.02±0.01 0.03±0.01 0.03±0.02 

60°C Ca/Si 1.89±0.04 1.52±0.07 1.61±0.04 

 Al/Si 0.06±0.02 0.3±0.05 0.32±0.05 

  S/Si 0.04±0.02 0.03±0.02 0.04±0.02 
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3.3.2 Comparison of phase assemblages based on experimental data and thermodynamic modelling 3.3.2.1 Experimentally observed phase assemblages at 90 days of hydration  
The effect of temperature on hydrate phase formation characterized by XRD is shown in Fig. 3-5. The hydra-

tion products can be compared based on the XRD patterns. Temperature mainly affects the kind of aluminate hy-
drates formed and their crystallinity. AFm has a poorly crystalline or nanocrystal size form at high temperature leading 
to broad and overlapping XRD peaks. This effect is more important in the blended system.  

In the LGC system, hemicarbonate (Hc) is a stable form of AFm at low temperature. Two types of monosulfate (Ms) 
are observed: Ms12 (C4ASതH12) and Ms14 (C2ASതH14). Ms12 is observed only in low amounts and at temperature below 
60°C. Higher temperature leads to the stabilisation of Ms14 (9.1° 2) together with ettringite and portlandite. 

The presence of metakaolin promotes the formation of AFm phases as shown in Fig. 3-5b for the blend containing 
metakaolin. AFm has a layered structure, which can contain different types of anions in the interlayer [32]. An AFm 
phase (AFmss) containing sulfate - carbonate - hydroxide can be observed at low temperature, as has been also ob-
served in hydrated PC blended with fly ash [11]. In addition, strätlingite, an AFm containing aluminium and silicon in 
the interlayer, is formed at 5 to 40°C in the presence of metakaolin: more strätlingite can be observed at low tempera-
ture and it is absent at 60°C. At 60°C, Ms14 becomes a main calcium aluminate hydrate phase while ettringite is ab-
sent. The portlandite content in the metakaolin blends is much lower than the LGC system, due to the pozzolanic reac-
tion of metakaolin with portlandite. The amount of portlandite is decreased at higher temperatures and is absent at 
60°C (Fig. 3-5b) due to the higher reactivity of metakaolin in agreement with the NMR results summarised in Fig. 3-3. 
A small broad peak of siliceous hydrogarnet structure can be identified in the LGCMK sample cured at 60°C.  

When limestone is present in addition to metakaolin (LGCMKLS), hemicarbonate and monocarbonate are precipitated 
instead of monosulfate. High crystallinity of hemicarbonate is formed at 5 and 20°C but a poorly crystalline form, cor-
responding to a broader peak of hemicarbonate, is observed at 40°C. The presence of monocarbonate is found only at 
5 and 20°C. The signal of strätlingite in this system is not as obvious as the LGCMK system, although some seems to be 
present; low intensity patterns of strätlingite can be noticed at 5 to 40°C from the XRD patterns. The presence of 
strätlingite was confirmed by 27Al NMR as discussed in detail further below. 
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Fig. 3-5 Main hydrate phases in XRD patterns of (a) LGC, (b) LGCMK and (c) LGCMKLS cured at different temperatures 
at 90 days of hydration: E = ettringite, Ms = monosulfate, Hc = hemicarbonate, Mc = monocarbonate, HT = hy-

drotalcite and Si-HG = Siliceous hydrogarnet. 

 3.3.2.2 Phase assemblages by thermodynamic modelling 
Thermodynamic modelling calculation at different temperatures was carried out to predict the phase assem-

blages of the investigated system at thermodynamic equilibrium at the respective DoR of anhydrous clinker and me-
takaolin at 90 days of hydration. The variation of the Ca/Si of C-(A)-S-H as well as the Al and S incorporation in C-S-H at 
different temperatures were also considered.  

For LGC without metakaolin, the thermodynamic calculations predict the formation of C-S-H, portlandite, ettringite 
and a minor amount of siliceous hydrogarnet between 5 to 40°C. At 60°C, ettringite is calculated to partially be desta-
bilised to monosulfate, in agreement with previous finding on Portland cement. In the presence of metakaolin, C-S-H, 
ettringite and more AFm (monosulfate and monocarbonate) are predicted to form, while portlandite is expected to be 
absent. At 40 and 60°C where a high metakaolin DoR is observed, in addition the formation of some strätlingite is 
calculated, and the complete destabilisation of ettringite to monosulfate. A similar behaviour is calculated in the pres-
ence of additional limestone, the calculated stabilisation of ettringite at 60°C, is related to the lower availability of CaO 
in this system due to the low reaction degree of alite and belite in that blend, as monosulfate is stabilised in the pres-
ence of more CaO and ettringite + strätlingite at lower CaO contents in C-S-H. 

A comparison of phase assemblages between the quantification from XRD Rietveld refinement and thermodynamic 
modelling prediction is shown in Fig. 3-6. It should be noted that broad peaks of AFm formed in the presence of me-
takaolin, leads to a loss of precision in their quantification. Free water in the experimental data was calculated from 
the difference between mixing water and the bound water (BW) determined by TGA.  

The overall results in Fig. 3-6 shows good agreement between experimental result and thermodynamic modelling, 
especially in the LGC system. The discrepancies are mostly found in the blended systems. The reactivity of metakaolin 
is an important factor for thermodynamic modelling calculation as it defines both the availability of aluminium and 
indirectly of calcium in the system. When limestone is present, monocarbonate is the thermodynamically stable phase 
at low temperatures affecting the balance between AFm and AFt phases [33]. No strätlingite is predicted in the pres-
ence of portlandite due to their thermodynamic incompatibility, while experimentally both are observed in the same 
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cement. High amount of strätlingite is predicted in the blended system at high temperature, while the experimental 
observation shows only a small amount. Moreover, some minor phases such as siliceous hydrogarnet and hydrotalcite 
are predicted based on the presence of the minor elements; Fe and Mg, while these phases are not quantified exper-
imentally. The main discrepancies from the observation are listed below: 

 

 An increasing amount of strätlingite is predicted at high temperature, while experimentally less is observed. 

 Experimentally observation of the co-existence of strätlingite and portlandite 

 The prediction of siliceous hydrogarnet 

 The prediction of hydrotalcite  

 The balance of ettringite and monosulfate content at high temperature in the presence of limestone 

 The balance between monocarbonate and hemicarbonate 

 

These points are investigated and discussed in more details in the following sections. 
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Fig. 3-6 Comparison of phase assemblages between experimental data at 90 days of hydration and thermodynamic 
modelling at different temperatures of (a) LGC, (b) LGCMK and (c) LGCMKLS: CH = portlandite, E = ettringite, Mc = 
monocarbonate, Hc = hemicarbonate, Ms = monosulfate, S = strätlingite, HT = hydrotalcite, Si-HG = siliceous hy-

drogarnet, MK = metakaolin, Amor = amorphous, Cc = calcite, minor phases = quartz and dolomite. 
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3.3.3 Strätlingite formation 
Strätlingite, [Ca4Al2(OH)12]2+[(AlSi(OH)8)2·nH2O]2-, is an AFm phase that is stable in hydrated cement systems 

with high aluminosilicate and low calcium content. The two main discrepancies between experimental observation 
and thermodynamic modelling are the presence of strätlingite in different systems at different temperatures and the 
co-existence between strätlingite and portlandite in the experimental observation.  3.3.3.1 Effect of temperature on strätlingite formation in the blended systems 

The XRD patterns (Fig. 3-5) present a clear peak of strätlingite formation in LGCMK, at low temperatures 
while no reflections associated with the strätlingite are observed at 60°C at 90 days of hydration. The presence of 
strätlingite at low temperatures and its absence at 60°C is confirmed by the 27Al-NMR spectra in Fig. 3-7b, where a 
characteristic peak at 61 ppm is observed from the tetrahedral Al sites in strätlingite. This indicates that strätlingite 
favours precipitation at low temperature, even though portlandite is present. In fact, experimental investigations at 
very high water to solid ratios [34] found that the stability of strätlingite decreases with increasing temperature and 
observed its decomposition to mainly hydrogarnet above 85°C. This is coherent to the observation of siliceous hy-
drogarnet at 60°C from the XRD result (Fig. 3-5b).  

Even though the CaO-SiO2-Al2O3 content in the LGCMKLS system is quite similar to the LGCMK system, the presence of 
limestone lowers the reaction of alite, belite and metakaolin at high temperatures and the formation of strätlingite. 
The amount of strätlingite from XRD and 27Al NMR is much lower for the LGCMKLS than for the LGCMK system. The 
suppression of strätlingite formation in the presence of limestone as observed by XRD has previously been reported 
for samples cured at 20°C in [5,35]. Also, at 5 and 60°C, no strätlingite is detected in the LGCMKLS system by XRD, 
probably because it is poorly crystalline or under the detection limit although 27Al NMR (Fig. 3-7c) indicates that a 
major amount of strätlingite (below 1 wt%) is present also at 5 and 60°C. At 5°C, very low intensity of the tetrahedral 
Al resonance from strätlingite at 61 ppm is observed, while only indications of this resonance is present for the sample 
cured at 60°C. Based on the NMR data in Fig. 3-7c, a higher intensity of strätlingite is observed at 40°C than 5°C for 
both the LGCMKLS system, quite in contrast to the LGCMK system. Presently, there is no clear explanation for the 
suppression of strätlingite formation at 5°C at high limestone contents. 
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Fig. 3-7 27Al MAS NMR spectra (14.09 T, R =13.0 kHz) of (a) LGC, (b) LGCMK and (c) LGCMKLS at 90 days of hydration 

cured at 5, 20, 40 and 60°C: S = strätlingite, E = ettringite. Spinning sidebands are indicated in the first-row spectra by 

asterisks. The spectra in (a) for the pure LGC are vertically expanded by a factor of three compared to the LGCMK and 

LGCMKLS blends in (b) and (c). 

 

The XRD and NMR observations are supplemented by BSE image analysis coupled with EDS mapping. Strätlingite in the 
blended cement have been observed previously based on BSE image [35], but is difficult to clearly identify as strätlin-
gite looks similar to the other types of AFm (e.g. SO3-AFm and CO3-AFm) on BSE image, but different chemical compo-
sition. Thus,  EDS mapping together with image analysis [22], is used to identify strätlingite in the microstructure, as 
shown in Fig. 3-8- 11. Fig. 3-8 presents the ratio plots (Al/Ca vs. Si/Ca) from representative points extracted from the 
EDS mapping. 

In LGCMK, Fig. 3-8 shows that the EDS points towards strätlingite, although its composition slightly shifted to higher 
Si/Ca for all temperatures, except at 60°C, where strätlingite is absent consistent to the XRD and the 27Al NMR results.  

The region created by this point selection can be used to define an equivalent selection in the EDS mapping, creating a 
mask, which enables to plot the phase distribution. The strätlingite distribution is presented as a red overlay on the 
BSE images in Fig. 3-9.  At low temperature, bigger grains of strätlingite can be identified, explaining their better visi-
bility in XRD. Within the microstructure, it can be observed that strätlingite precipitates closely to the AFm grains and 
often near the calcium silicate clinker grains, which provide Ca and Si to the AFm phases.  In no cases, strätlingite is 
observed near portlandite as discussed in more detail in the next section. 
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Fig. 3-8 Atomic ratio plots of Si/Ca and Al/Ca of LGCMK at 90 days of representative points obtained from EDS map-
ping [22] with the main composition of hydrated phases. The points around the strätlingite composition are selected 

in red: A = alite, B = belite, MK = metakaolin, CH = portlandite, Cc = calcite, CSത = calcium sulfate, E = ettringite and AFm 
= alumino-ferrite-mono phase. 

 

 

Fig. 3-9 Overlay mask of the selected points in the ratio plot identified as strätlingite (in red) on BSE images of LGCMK 
at 90 days cured at 5, 20, 40 and 60°C: CK = anhydrous clinker, CH = portlandite and AFm = alumino-ferrite-mono 

phase.  
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In LGCMKLS, the EDS points (Fig. 3-10) towards the strätlingite composition are less dense than the LGCMK system 
and contain less Al than the ideal composition as clearly observed at 20°C. Fig. 3-11 indicates that it is more difficult to 
observe strätlingite by XRD in LGCMKLS due to its finer distribution in the limestone containing system.  

 

Fig. 3-10 Atomic ratio plots of Si/Ca and Al/Ca of LGCMKLS at 90 days of representative points obtained from EDS 
mapping [22] with the main composition of hydrated phases. The points around the strätlingite composition are se-
lected in red: A = alite, B = belite, MK = metakaolin, CH = portlandite, Cc = calcite, CSത = calcium sulfate, E = ettringite 

and AFm = alumino-ferrite-mono phase. 

 

 

Fig. 3-11 Overlay mask of the selected points in the ratio plot identified as strätlingite (in red) on BSE images of LGCMK 
at 90 days cured at 5, 20, 40 and 60°C: CK = anhydrous clinker, CH = portlandite and AFm = alumino-ferrite-mono 

phase.  
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3.3.3.2 Co-existence of strätlingite and portlandite 
Strätlingite is thermodynamically incompatible with portlandite (CH), which has also been confirmed in sev-

eral experimental studies in diluted systems with a high water to solid ratio [34,36]. However, many studies reported 
the mutual presence of portlandite and strätlingite in hydrated blended cements [5,12,35]. Both portlandite and 
strätlingite have also been found in this study in the blended systems in the temperature range of 5 – 40°C. Thermo-
dynamic modelling, where a complete equilibrium is assumed, predicts only C-S-H at 5 and 20°C and C-S-H plus 
strätlingite at 40 and 60°C, while portlandite is expected to be absent at all temperatures due to its reaction with me-
takaolin. 

It is interesting to note that strätlingite and portlandite occur in different places (Fig. 3-12), indicating that the ther-
modynamically incompatible strätlingite and portlandite can coexist at different places in the microstructure. It can be 
speculated that the transport between different regions of the microstructure is limited or even interrupted due to 
the lack of water filled pores at later hydration times as e.g. suggested by [37]. 

The co-existence of strätlingite and portlandite was further investigated by SEM-EDS mapping on the LGCMK samples 
cured at 5 and 20°C, where strätlingite is well visible, Fig. 3-12 shows the ratio plots of Si/Ca and Al/Ca from EDS map-
pings and BSE image with the mask of strätlingite and portlandite. Fig. 3-12b and Fig. 3-12d illustrate that monocar-
bonate, hemicarbonate or monosulfate can form next to portlandite, but not strätlingite. Although the formation of 
strätlingite is generally found closely to the AFm phase as discussed in the previous section, in no case strätlingite is 
precipitated next to portlandite, indicating that in a local environment the presence of portlandite excludes the pres-
ence of strätlingite and vice versa. Therefore, the co-existence of strätlingite and portlandite in bulk analysis seems to 
be related rather to the complexity of the microstructure and/or hindered transport, which can lead to different 
chemical environments with the cement. The transport of ions may be hindered by the dense microstructure of the 
blended cements, and the low water saturation leading to disconnected regions with the hydrated cement. 

 

 

Fig. 3-12  Strätlingite (red) and portlandite (yellow) formation in the microstructure of LGCMK at 90 days of hydration 
cured at 5 and 20°C: CK = anhydrous clinker, CH = portlandite, S = strätlingite and AFm = alumino-ferrite-mono phase 

(monsulfate, monocarbonate or hemicarbonate) 
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3.3.4 Siliceous hydrogarnet  
Siliceous hydrogarnet containing both Fe and Al in similar quantities has been observed as a stable Fe-

containing phase in Portland cement [16]. As siliceous hydrogarnet is present in low quantities and as it is often poorly 
crystalline, it is challenging to be clearly detected by XRD, SEM-EDS and TGA [16]. Moreover, siliceous hydrogarnet 
forms easier at high temperature [8,38]. Due to the low Fe content in the investigated system (Fe2O3 <1.2%), the pos-
sible formation of siliceous hydrogarnet was investigated by using selective dissolution and SEM-EDS mapping.  

 3.3.4.1 Selective dissolution of the blended cement systems 
The main XRD peak of siliceous hydrogarnet at 2 ~ 17.5° (CuK) is located near the main portlandite peak 

and a major monosulfate peak, which makes the identification of the siliceous hydrogarnet signal challenging in hy-
drated Portland cements [16]. In fact, the presence of siliceous hydrogarnet cannot be clearly assessed based on XRD 
(Fig. 3-5), except for the LGCMK sample cured at 60°C, where a small peak could indicate siliceous hydrogarnet as the 
remaining portlandite is very low.  

A selective dissolution method based on salicylic acid-methanol extraction (SAM) was applied to remove the main 
phases from the hydrated cement and to be able to identify the minor phases in the cement matrix [8], as shown in 
Fig. 3-13; the main siliceous hydrogarnet peaks are expected at 2 ~ 17.5, 20.2, 26.9 and 28.9°. As observed in Fig. 
3-13, the presence of siliceous hydrogarnet can be identified clearly in the LGC samples at all temperatures in agree-
ment with other observations on Portland cements [16,39], while in the blended system, siliceous hydrogarnet is ob-
served only at 60°C and tentatively at 40°C in LGCMK, where the first peak of siliceous hydrogarnet might be present 
as a small broad peak interpreted as a poorly crystalline form. Although the SAM extraction is applied, there is no 
clear evidence of siliceous hydrogarnet formation at the temperature below 40°C in the blended systems from the 
XRD result. Whether siliceous hydrogarnet may be present as in amorphous form in the blended systems at low tem-
perature was further investigated by SEM-BSE. 

 

 

Fig. 3-13 Siliceous hydrogarnet (HG) of (a) LGC, (b) LGCMK and (c) LGCMKLS at different temperatures after selective 
dissolution with SAM at the zoomed section of XRD patterns between 15 - 25° (2): Si-HG = siliceous hydrogarnet, Q = 

quartz, S = strätlingite and Cc = calcite. 
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 3.3.4.2 Tracking Fe-containing phase by SEM-EDS mapping 
SEM-EDS mapping and image analysis were used to track high Fe phases in LGCMK and LGCMKLS at 20°C. The 

cluster of Fe containing phases in the LGCMK system appears in the Fe map shown in Fig. 3-14a. The EDS mapping 
reveals a high Fe phase as indicated on the ratio plot of Si/Ca and Fe/Ca (Fig. 3-14b) by the red cluster. The red mask 
from the selected cluster of points appears on the BSE image (Fig. 3-14c) and the ratio plot of Si/Ca and (Al+Fe)/Ca 
(Fig. 3-14d). From Fig. 3-14d, the Fe-containing phase is intermixing with C-S-H, AFm, strätlingite and siliceous hy-
drogarnet. The separated grain of high Fe in LGCMK can be observed which is close to siliceous hydrogarnet. Com-
pared to the work of Dilnesa et al. [16], the high Fe-containing cluster in LGCMK contains more Si (Si/Ca~0.55) in the 
composition than the one formed in Portland cement given as C3FS0.84H4.32.  

The same approach of verification as the LGCMK system was applied to the LGCMKLS system. For the LGCMKLS sam-
ple (Fig. 3-15), Fe is more scattered compared to the LGCMK system. The high Fe points are towards siliceous hy-
drogarnet and strätlingite composition shown in Fig. 3-15d. Therefore, Fe is possibly in both strätlingite and siliceous 
hydrogarnet structure. It is not clear to confirm that the LGCMKLS sample cured at 20°C contains siliceous hydrogarnet 
by tracking high Fe phase in this work. 

In addition, in both systems the presence of some Fe in C-S-H is observed, with a Fe/Si molar ratio of 0.02±0.01. This in 
agreement with recent investigation on iron uptake in synthetic C-S-H, where Fe/Si of ≈ 0.001 to 0.01 were observed 
[40]. 

The result from the EDS mapping of the LGCMKLS sample cured at 20°C in Fig. 3-10b shows a cloud of points in the 
ratio plot of Si/Ca and Al/Ca near the strätlingite composition but with slightly too little Al. The same data set was 
plotted using Fe + Al, as shown in Fig. 3-15d. The cluster of points in this ratio plot (Fig. 3-15d) can reach strätlingite 
composition. This cloud indicates that strätlingite could contain some Fe in its structure. The synthesis of only Fe-
containing strätlingite has found to be not possible [26,41], but the possibility of mixed Al-Fe containing strätlingite 
has never been studied and would contribute to a better understanding on Fe-containing phase in the higher alumina 
system.  
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Fig. 3-14. High Fe containing hydrates (in red) in the microstructure of LGCMK at 90 days of hydration cured at 20°C (a) 
Fe mapping, (b) the ratio plot of Fe/Ca and Si/Ca, (c) the mask in red on BSE image and (d) the ratio plots of (Al+Fe)/Ca 

and SiCa. The composition is close to siliceous hydrogarnet and strätlingite. 

 

 

Fig. 3-15. High Fe containing hydrates (in red) in the microstructure of LGCMKLS at 90 days of hydration cured at 20°C 
(a) Fe mapping, (b) the ratio plot of Fe/Ca and Si/Ca, (c) the mask in red on BSE image and (d) the ratio plots of 

(Al+Fe)/Ca and Si/Ca. 
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3.3.5 Hydrotalcite formation 
Hydrotalcite-like phases, (Mg6Al2(OH)18·3(H2O)), are Mg-containing hydrate phases which can have a variable 

Mg/Al composition and different anions in the interlayer. Since MgO is present as a minor element in LGC and lime-
stone in very low content (less than 1%), it is difficult to detect the hydrotalcite phases by XRD or TGA. The water loss-
es of hydrotalcite from TGA analysis are found at 270 and 400°C [13], but no clear peak is observed from Fig. 3-16. 
From the XRD patterns in Fig. 3-17, hydrotalcite peak (2 ~ 11.2°) could be present as a small broad hump in the LGC 
samples. Although dolomite tends to be more reactive at high temperature [42], no hydrotalcite in the blended sys-
tems is observed at 60°C in this study. This could be explained by the low initial amount of MgO in the anhydrous 
cement and lack of portlandite in the system at high temperature which retards the formation of hydrotalcite [42]. 
Thus, the TGA and XRD results cannot confirm the formation of hydrotalcite in this study, although it might be present 
as a minor phase.  

 

 

Fig. 3-16 DTG data at 90 days of hydration indicating hydrated phases of (a) LGC, (b) LGCMK and (c) LGCMKLS: E = 
ettringite, Hc = hemicarbonate, Mc = monocarbonate, Ms = monosulfate, S = strätlingite and CH = portlandite. 
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Fig. 3-17 XRD patterns at the zoomed section of between 5 - 15° (2theta) indicating hydrotalcite-like phase (HT) humps 
mainly in (a) LGC but not clear evidence on (b) LGCMK and (c) LGCMKLS: E = ettringite, Hc = hemicarbonate, Mc = 

monocarbonate, Ms = monosulfate, AFmss = alumino-ferrite-mono phase solid solution.  

 3.3.6 The ettringite – monosulfate balance 60°C 
Thermodynamic modelling at 60°C predicts high ettringite contents (Fig. 3-6a and 6c), while experimentally, rather 
monosulfate is observed for LGC and LGCMKLS. In the case of the LGC cement, less ettringite is observed by both XRD 
and 27Al NMR (around 5 wt.%) than predicted by the modelling (15 wt.%), while the amount of monosulfate was com-
parable. This indicates the presence of another, unidentified sulfate-containing phase in the hydrates (Paul and Glass-
er [38] suggested the formation of a sulfate-containing hydrogarnet) or alternatively a strong underestimation of the 
sulfate content in C-S-H.  

While experimentally monosulfate is the main sulfate bearing phase observed at 60°C (both by NMR and XRD), model-
ling predicts for LGCMK monosulfate (in agreement with the experiments), but rather ettringite for LGCMKLS. Sensitiv-
ity analysis of the input used in the thermodynamic modelling showed that relatively small differences in the amount 
of reacted alite and belite cases either the stabilization of either monosulfate (if sufficient CaO is available) or of 
ettringite + strätlingite (if the availability of CaO is more limited). The reaction degree of alite and belite were obtained 
from XRD and 29Si NMR analysis, which both are associated with errors, especially in the complex case of cementitious 
material. The overlapping reflexion from alite and belite in the XRD patterns and the superposition of the belite on the 
broader resonances from alite in 29Si NMR spectra reduce the precision and accuracy of these methods. 

The effect of different DoH values for alite and belite (from XRD and 29Si NMR) and DoR of metakaolin (from 29Si NMR 
and GEMS) is illustrated in Fig. 3-18 and shows significant changes on phase assemblages. The DoH of alite from XRD 
Rietveld quantification is about 25% higher than the value obtained from 29Si NMR (Fig. 3-2) and thus about 12% high-
er than the average value. The presence of more CaO due to the higher alite reaction using the XRD values, 
TM(XRD/NMR), in fact results in more monosulfate and less ettringite in the modelled results as illustrated in Fig. 
3-18. Similar effect is observed when the DoR of metakaolin is decreased, TM(AVR/AVR), using the average value of 
metakaolin reaction obtained from 29Si-NMR and the metakaolin reaction calculated from the consumption of port-
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landite, underlining the central role of reliable analytics to be able to carry out meaningful thermodynamic calcula-
tions.   

 

Fig. 3-18 Comparison of thermodynamic modelling based on different inputs of DoH of anhydrous clinker/DoR of me-
takaolin: E = ettringite, Ms = monosulfate, Cc = calcite, Si-HG = siliceous hydrogarnet, S = strätlingite, MK = metakaolin, 

Amor = amorphous. 

 3.3.7 Why is hemicarbonate observed ? 
The presence of calcite significantly impacts the stability of ettringite and AFm phases, in particular at room 

temperature. It is known that calcite can stabilize monocarbonate over monosulfate and prevent the destabilization of 
ettringite [6,33]. However, in all samples hydrated at 5 and 20°C, the formation of hemicarbonate has been observed 
by XRD. Two different reasons can be envisaged that thermodynamic modelling tends to overestimate the formation 
of monocarbonate over hemicarbonate has been observed previously in several studies [5,43].  

First, it might indicate that the system is not at equilibrium, and hemicarbonate formation is kinetically favored over 
monocarbonate [43]. Our experiments may not be at equilibrium after 90 days of hydration and hemicarbonate may 
change later to monocarbonate as e.g. observed in [8,43]. 

Secondly the monocarbonate in the thermodynamic database might be too stable as recently suggested [44], and/or 
the hemicarbonate is stabilized by the presence of foreign ions in its interlayer [45]. 
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3.4 Conclusions 
The presence of metakaolin in Portland cement provides more Al and Si to the system compared to the plain Portland 
cement and lowers the availability of CaO. As a result, portlandite is absent in such blended systems; more AFm phas-
es (monocarbonate, monosulfate and/or strätlingite) but less ettringite is present in metakaolin blended.  

The presence of metakaolin suppresses the reaction of belite at all temperatures, compared to a plain cement. Higher 
temperatures accelerate the initial reaction of alite, belite and metakaolin, but have less influence on the total degree 
of reaction after 3 months; only metakaolin reaction is with 90% DoR moderately higher at 60°C than at 5°C, with 70% 
DoR. Consequently, more AFm phases are present at higher temperature and more Al is incorporated in C-S-H. AFm 
containing sulfate-carbonate-hydroxide can be found at low temperature, while a poorly crystalline of monosulfate is 
precipitated at 60°C. Strätlingite is formed in the metakaolin blends and is observed at 5°C to 40°C in the blend with 
metakaolin, while much less strätlingite is formed in the presence of limestone in ternary blends, although the reason 
remains unclear. Our results seem to indicate that Fe is present in siliceous hydrogarnet and C-S-H in Portland cement, 
SEM-EDS points towards the possible presence of iron in strätlingite and C-S-H in the metakaolin blends. Further in-
vestigation is needed on both synthetic and real systems. 

The composition predicted by thermodynamic modelling agrees generally well with the experimental data, although 
some discrepancies, especially for the aluminate hydrates are observed. A summary table of hydrated phase assem-
blage precipitation in the investigated systems at different temperatures (provided in the appendix compares the 
experimental observation at 90 days with thermodynamic modelling: 

 

1) The simultaneous observation of portlandite and strätlingite are incompatible. The co-existence of strätlingite 

and portlandite in bulk analysis seems to be related to the complexity of the microstructure and/or hindered 

transport. The transport of ions may be hindered by the dense microstructure of the blended cements and 

the low water saturation leading to disconnected regions with the hydrated cement, leading to different 

chemical environments with the cement. 

 

2) The degree of alite, belite and metakaolin reaction strongly influences the availability of CaO and influences 

indirectly whether monosulfate (at higher CaO availability) or ettringite and strätlingite (at low CaO availabil-

ity) are calculated to form, which led in some cases to difference between modelling and experiments. More-

over, the sample at 90 days may not reach the full extent of reaction yet in the blended system because be-

lite still remains in the system in high quantities 

 

3) The detection and analysis of minor phases indicated by thermodynamic modelling is challenging. The for-

mation of strätlingite, siliceous hydrogarnet and hydrotalcite in the blended systems as a function of temper-

ature has to be further verified and the thermodynamic modelling database improved. 

 

The blended systems are considered to be stable in the long term, as little changes are observed with time (see Chap-
ter 5) and the good agreement between experimental data and thermodynamic modelling is presented in this study.  
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 Phase assemblages of the CSA system 
 

Note: This chapter is based on an article in preparation for submission to a peer reviewed journal. 

Contribution of the doctoral candidate: Writing of the first manuscript draft, experimental design, conduction of the experiment 
and thermodynamic modelling. 

 

Abstract 

This study investigates the effects of temperature on phase assemblages of belite-ye’elimite cement. A comparison is 
made between thermodynamic modelling and the experimental data after 90 days of hydration at 5, 20, 40 and 60°C. 
An overall good agreement is found, with some discrepancies which are discussed in this paper. The degree of reac-
tion of belite was observed to be a non-monotonous function of the temperature, leading to important changes of 
phase assemblages at different temperatures. In particular, C-S-H was predicted and observed at 5 and 60°C where 
the belite reaction is high. Siliceous hydrogarnet was only observed experimentally at 60°C, where its amount needs 
to be restricted in thermodynamic modelling. Finally, strätlingite was observed to be finely intermixed with the AFm 
phase from EDS mapping. 

 

Keywords: Belite-ye’elimite cement, Hydration, Phase assemblages, Thermodynamic modelling, Temperature.  
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4.1 Introduction 
Calcium sulfoaluminate cement (CSA) is used as an alternative binder generating lower CO2 emission than 

Portland cement (PC) [1], due to its lower sintering temperature and its lower decarbonation of limestone, its produc-
tion is more environmentally friendly [2]. CSA is a general term for binders containing ye’elimite (C4A3Sത, 
Ca4(AlO2)6SO3). CSA cements contain more alumina than PC and can be classified into two main groups: (i) high 
ye’elimite CSA and (ii) low ye’elimite CSA commonly called BYF (Belite-Ye’elimite-Ferrite). The different clinker compo-
sition changes the hydrated phase assemblages, leading to different properties of the concrete made from these 
binders [3–5]. High ye’elimite CSA cements are generally used for niche applications such as rapid hardening, shrink-
age compensation and fast setting, while BYF cements are used as a PC replacement with a lower carbon footprint 
[2,6,7].  

The reactivity of BYF cements depends on many factors such as the amount of calcium sulfate [8,9], mixing water [10], 
and the presence and amount of minor phases, in particular mayenite [11]. BYF is also very sensitive to temperature 
which affects not only the hydration kinetics, but also the types of hydrates formed [12–14]. Ettringite can be destabi-
lized in favour of the monosulfate due to the increase of ettringite solubility at high temperature, while the stability of 
monosulfate varies little with temperature [15,16]. Ettringite can present in the ye’elimite-rich cements up to 90°C 
[13]. The kind and solubility of aluminium hydroxide (AH3) formed depends also on temperature. Well soluble amor-
phous or microcrystalline AH3 is formed at ambient temperatures and below. The ordering and thus crystallinity in-
crease with temperature. Gibbsite seems to form above 60°C [16]. Even though the hydration of BYF cements has 
been widely studied, most studies have been carried out at room temperature.  

In a BYF system, the reaction of ye’elimite and calcium sulfate with water occurs fast resulting in the formation of 
ettringite and aluminium hydroxide (AH3) gel during the first hours. After sulfate depletion monosulfate 
[Ca4Al2(OH)12]2+[SO4nH2O]2-, an AFm-type phase and AH3 form. Ettringite and AFm are crystalline structures, while AH3 
is generally present as an amorphous or microcrystalline phase in this type of cement [17–19]. Belite reacts at later 
age, forming calcium silicate hydrates (C-S-H) and strätlingite (C2ASH8, [Ca4Al2(OH)12]2+[(AlSi(OH)8)2nH2O]2-), another 
AFm-type phase [8,10,18]. In addition, sometimes, siliceous-hydrogarnet can be observed at late ages due to the reac-
tion of ferrite [10,20].  

Thermodynamic modelling can be used as a tool to predict the composition of the phase assemblages in long term or 
at equilibrium state [17,18,21–23], or the changes occurring during hydration, if the reaction of the clinkers is well 
characterized. Thermodynamic modelling can also be used to predict the stability of these binders under a wide range 
of conditions (temperature, pressure, interaction with the environment, etc.) [13,23]. However, the validity of these 
models needs to be verified experimentally.  

Different phases are formed during hydration, which might destabilise again with time such as e.g. Al(OH)3, which 
forms, once belite reacts, strätlingite and or C-S-H [10]. These changes during hydration and their effect on the micro-
structure is poorly understood as particularly C-S-H and strätlingite are difficult to observe and quantify in low quanti-
ties due to their poor crystallinity. In particular, the identification of C-S-H in the microstructure next to the X-ray 
amorphous Al(OH)3 is challenging [22]  

This work aims to compare long-term phase assemblages in CSA-belite cements at different temperatures based on 
the experimental data, including in-depth analysis of phase assemblages and microstructure observed by various 
techniques, and thermodynamic modelling. A simplified system based on belite, ye’elimite and calcium sulfate, a be-
lite-ye’elimite (BY) cement, is used.  The hydration of this BY cement is investigated from 5 to 60°C at 90 days of hy-
dration. The water to binder ratio was fixed at 0.6 and ye’elimite to calcium sulfate molar ratio at 1:1. The hydrated 
cements were characterized in detail by XRD, TGA, SEM-EDS mapping and image analysis. 
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4.2 Materials and methods 4.2.1 Raw materials and mixture design 
A laboratory prepared belite-ye’elimite clinker, mayenite clinker and a natural anhydrite source were used 

in this study. The belite-ye’elimite clinker was prepared using an adaptation of the cylinder method presented by X. Li 
et al. [24]. Chemical reagents (calcium carbonate, nano silica, calcium sulfate dihydrate and aluminium oxide) were 
ground for 24 hours with water. Then, the mix was poured in cylinders and dried at least 48 hours at 105C. The cylin-
ders were inserted in a static furnace, burned at 1300C for 1 hour with a heating rate of 7C/min, and quenched at 
room temperature. Mayenite (C12A7) was synthesized following the steps in [11]. The laboratory prepared BY clinker 
was blended with anhydrite, ground from a natural source. Anhydrite was added to obtain a calcium sulfate to 
ye’elimite molar ratio of 1:1. A small amount of mayenite was added to accelerate the ye’elimite reaction [11]. The 
investigated system (BY) composed of 89.3% of BY clinker, 10.6% of micro-anhydrite and 0.25% of mayenite i.e. a total 
content of C2S is 52.3% and ye’elimite is 36.9%. The relative amount of Al, Ca and Si oxides corresponds approximately 
to a PC system blended with 20% of metakaolin.  

 4.2.2 Raw materials characterization 
The chemical composition, mineralogy and particle size distribution value of the raw materials in this study 

were characterized by X-ray fluorescence (XRF), quantitative powder X-ray diffraction (XRD) and laser diffraction (Mal-
vern MasterSizer S), as shown in Table 4-1.  

 

Table 4-1: Chemical composition, mineralogy and distribution value of the raw materials 

PSD [µm] BY 
clinker Mayenite Anhydrite  XRD (wt.%) BY 

clinker Mayenite Anhydrite 

Dv,10 0.54 2.77 0.25 C2S 60.3 - - 

Dv,50 4.34 8.49 8.97 C3A - 1.9 - 

Dv,90 15.88 30.14 31.75 C4A3Sത 39.4 - - 

XRF (wt.%)   CA - 0.6 - 

SiO2 18.9 0.1 2.5 C12A7 - 97.5 - 

Al2O3 20.9 50.1 0.6 Dolomite - - 6.9 

Fe2O3 0.0 0.1 0.3 Portlandite - - 0.1 

CaO 53.2 47.6 38.7 Gypsum - - 2.5 

MgO 0.1 - 1.9 Lime 0.3 - - 

SO3 6.3 0.1 52.2 Anhydrite - - 77.7 

K2O - - 0.2 Quartz - - 2.3 

Na2O 0.1 0.1 0.1 Rutile - - 1.2 

Others 0.0 0.0 0.2 Muscovite - - 8.5 
LOI* 0.6 1.2 3.4 Cristobalite - - 0.7 

     

SUM 100.1 99.4 100.2 SUM 100.0 100.0 99.9 
*LOI  = Loss of ignition    
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The BY clinker was ground for 60 seconds in a concentric disc mill in batches of 100 g with 7-10 drops of isopropanol 
added as a grinding aid. The mineralogy of raw materials was determined by Rietveld XRD. Back-loading method was 
applied to reduce the effects of preferred orientation. The sample were characterized in Bragg-Brentano mode by a 
X’Pert PANalytical diffractometer with a CuK12 source with 45 kV and 40 mA. Continuous rotation was applied during 
the acquisition. Samples were scanned from 2 theta between 5 and 70 degrees for a total duration of 30 minutes.  

Particle size distributions were measured by laser diffraction using MalvernSizer S. The powder approximately 0.1 g 
was mixed in the isopropanol. The suspension was stirred and placed in an ultrasonic probe for 15 minutes. Then, the 
suspension was transferred to the measuring unit filled with isopropanol until the proper level of obscuration was 
reached. The refractive index:imaginary index of clinker, mayenite and anhydrite are 1.66:0.001, 1.62:0.001 and 
1.53:0.001, repectively. 

 4.2.3 Preparation of cement pastes  
The binders and deionized water were equilibrated overnight at the intended curing temperature before 

mixing. The dry powders were blended with a lab mixer for 1 minute. Cement pastes were prepared with water to 
binder ratio (w/b) of 0.6 at 1600 rpm for 2 minutes. The samples were cast in a 50 ml polypropylene container under 
sealed condition with a few drops of distilled water on top of the paste to keep saturated curing. The sample were 
stored up to 90 days of hydration at 5, 20, 40 and 60°C with a variation less than ± 1°C. The samples were analysed by 
X-ray diffraction (XRD), thermogravimetric analysis (TGA), scanning electron microscopy and energy dispersive X-ray 
spectroscopy (SEM-EDX). 

 4.2.4 Methods 
The cement pastes were cut by a circular saw with water-coolling. The fresh slices of 2-3 mm thickness were 

analysed with a PANalytical X’Pert Pro diffractometer using CuK12 source. The X-ray tube worked at 45 kV and 40 mA 
and the Bragg-Brentano configuration included a fixed diverge slit of 1/2°, a Soller slit of 0.04 rad and mask of 15 mm. 
The patterns were recorded between 5 and 70° (2 theta) using a step size of 0.017° for a total duration of 14 min. 
Rutile was used as an external standard to quantify the amorphous content in the cement paste. The quantitative 
phase assemblage was carried out by using Rietveld refinement method using the High Score Plus software. The de-
gree of hydration (DoH) of anhydrous phases at time t was calculated from the mass fraction of reacted to initial 
amount. The formula for the calculation is shown in Equation 4-1. The experimental errors of XRD were estimated on 
belite and ye’elimite on 28 days samples analsed with two replicates. The error limits of the XRD Rietveld quantifica-
tion is around 2% mass. 

 

Equation 4-1:     DoH (%)୲ = ቀ୛బି ୛౪୛బ ቁ ×  100 

 

Where W0 is initial amount, Wt is the amount at time t. 

Full scaled XRD patterns are presented in the appendix. 
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The hydration of the cement pastes was stopped by solvent exchange using isopropanol [25]. The sample slices were 
immersed in the isopropanol for one week. The isopropanol was changed at 1, 3 and 7 days. The samples were dried 
in a desiccator under light vacuum at least 7 days before the analysis. A small piece of the sample was polished on 
every sides of the surface to remove the carbonated area before being gently grinded in a ceramic mortar. 50 mg of 
sample powder was placed in a 150L alumina crucible with a lid, then was analysed by TGA (Mettler Toledo 
TGA/SDTA 851 instrument) from 30°C to 1000°C with the rate of 10°C/min and under 30 ml/min N2 gas flow. The 
weight loss from TGA analysis was used to obtain the amount of chemical bound water (BW) as shown in Equation 
4-2. 

 

Equation 4-2:     BW =  ୛రబି ୛ఱఱబ୛ఱఱబ      

where Wt is the dry sample weight in grams at the respective temperature (C). 

 

The same method of stopping hydration for TGA analysis was applied to the SEM-EDX analysis. A piece of sample was 
gently polish with a silicon carbide paper of 1200 grid to smooth the surface. The samples were embedded in a low 
viscosity epoxy resin under the vacuum. The impregnated samples were hand-polished on a SiC paper of 1200 grid 
with isopropanol as a lubricant until the sample surface was uncovered. The sample was polished by diamond suspen-
sion of 9, 3, 1 and 1/4 m. The force of 15 kN with 150 rpm was applied for all the polishing steps and the petroleum 
was used as a lubricant during the fine polishing. After each hour of polishing, the polishing disc was washed between 
the steps with soap and water using a brush.  The samples were washed with the isopropanol in an ultrasonic bath to 
remove the residue from the surface. The polished samples were stored in a vacuum desiccator for at least two days 
to evaporate the isopropanol before coating with carbon. Full detail and justification of the method is given in [25]. A 
polished section was analysed by using a GeminiSEM 300 under high vacuum mode for the high-resolution BSE image 
(field emission) and using a FEI Quanta 200 scanning electron microscope equipped with a Bruker ASX microanalysis 
XFlash 4030 silicon drift detector for the EDS mapping (tungsten filament). The acceleration voltage was 12 kV in both 
instruments, with a working distance of 8.5 mm for BSE image acquisition, and 12.5 mm for EDS mapping.  

 

The image analysis was carried out to identify the formation of interesting phases in the microstructure. The BSE im-
ages and EDS mapping data were linked using edxia [26]. The ratio plots of Si/Ca – Al/Ca and Al/Ca – S/Ca from EDS 
maps provide the composition of the main phases present in the sample. Using the graphical interface of edxia, man-
ually selected points in the ratio plots appear on the BSE image to match composition and structure.  

 

Thermodynamic modelling was carried out using GEMS-PSI software [27,28] with the PSI-Nagra database [29] and the 
cement CEMDATA18 database [16]. The degrees of hydration from Rietveld quantification of the main clinker phases 
at 90 days of hydration were used as an input for the calculations. Some minor phases in the natural anhydrite 
(quartz, muscovite, cristobalite and rutile) were considered as inert phases and thus excluded from the calculations. 
The Al-incorporation in C-S-H is not included in this model as it cannot be measured accurately. The formation of mi-
crocrystalline Al(OH)3 only was allowed at 5, 20 and 40°C, while gibbsite formation was allowed at 60°C [16]. 
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4.3 Results and discussion 4.3.1 Reaction of belite and ye’elimite in BY cement paste 
The unreacted amount of belite and ye’elimite in the BY cement paste from 1 up to 90 days of hydration is 

shown in Fig. 4-1. Ye’elimite reacts very quickly and nearly fully (>90%) during the first day of hydration; changes are 
negligible between 1 and 90 days. The consumption of ye’elimite at 5°C is slightly higher than at the other curing tem-
peratures. For belite, a slow reaction is observed with no significant difference between the different curing tempera-
tures during the first 28 days. However, after 90 days more belite is consumed at 60°C in higher amounts compared to 
the other temperatures, followed by 5°C, while little reaction of belite at 20 and 40°C was observed. Presently, there is 
no clear explanation why belite is more reactive at 5°C than at 20 and 40°C. 

 

 

Fig. 4-1. Phase content of anhydrous phases in BY cement paste up to 90 days of hydration obtained by XRD with 
Rietveld refinement. 

 

The DoH all of the anhydrous phases after 90 days of hydration are shown in Fig. 4-2Fig. 4-2. The DoH of ye’elimite is 
higher than 90% for all temperatures, although it is slightly lower at higher temperatures. Also, anhydrite has a high 
DoH of more than 80% at low temperature and is almost fully reacted at 40°C and above. As shown in Fig. 4-1, more 
belite has reacted at 5 and 60°C than at 20 and 40°C. 
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Fig. 4-2. Degree of hydration (DoH) of belite, ye’elimite and anhydrite at 90 days of hydration obtained by XRD with 
Rietveld refinement. 

 4.3.2 Comparison of phase assemblages between experimental data at 90d and thermody-namic modelling 
The measured reaction degrees of ye’elimite, anhydrite and belite were used to predict with the help of 

thermodynamic modelling, the phases and their quantities, which are expected to form after 90 days as summarized 
in Fig. 4-3. The modelling results are compared to the hydrates formed after 90 days of hydration analysed by XRD-
Rietveld and TGA. 

The main hydrates observed experimentally include ettringite, monosulfate, Al(OH)3, strätlingite and some additional 
amorphous phase at 20°C and at 40°C. At 5 and 60°C, where more belite had reacted, C-S-H and siliceous hydrogarnet 
are observed, while Al(OH)3 is absent. The amount of free water was calculated from the difference between mixing 
water and the bound water (BW) determined by TGA.  

In general, thermodynamic modelling matches well with the experimental data. The amount of ettringite, Ms and 
Al(OH)3 predicted by thermodynamic modelling at 20 and 40°C is comparable to the experimental results. More 
strätlingite is predicted than experimentally observed by XRD, indicating that a part of the strätlingite is rather amor-
phous. The amount of ettringite detected by XRD-Rietveld is the lowest at 60°C which is consistent with the thermo-
dynamic modelling prediction, although the predicted value is even lower. Instead of ettringite, a higher amount of 
Ms is predicted by thermodynamic modelling at 60°C, which could be related to the presence of X-ray amorphous 
monosulfate or due to the formation of siliceous hydrogarnet. At 5°C, where more belite has reacted, the formation of 
C-S-H and the absence of Al(OH)3 are predicted. Somewhat more strätlingite is predicted than experimentally ob-
served. Both experimental data and thermodynamic modelling present a similar trend of decreasing strätlingite at 
elevated temperature but the amounts are significantly different. If Si is not present in strätlingite, it should be pre-
sent in another silicate phase such as C-S-H. This needs to be verified. As a summary, the experimental data and ther-
modynamic modelling show overall good agreement in qualitative analysis but still present some discrepancies as 
listed below;  
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(i) The formation of C-S-H at 5 and 60°C by thermodynamic modelling need to be verified experimentally 

(ii) The absence of siliceous hydrogarnet at 60°C is predicted by thermodynamic modelling 

(iii) A higher amount of AFm type phases (Ms and strätlingite) is predicted by thermodynamic modelling 

 

In the remaining of this paper, the discrepancies between experimental data and thermodynamic modelling are inves-
tigated in more detail. 

 

 

Fig. 4-3. Comparison of phase assemblages at different temperatures between thermodynamic modelling and the 
experimental data at 90 days: Y = ye’elimite, Anh = anhydrite, D = dolomite, E = ettringite, Ms = total monosulfate, S = 

strätlingite, AH3 = aluminium hydroxide, Amor = amorphous and C-S-H = calcium silicate hydrates. 

 4.3.3 Identification of C-S-H formation 
The formation of C-S-H is predicted in thermodynamic modelling at 5 and 60°C, i.e. in those systems where 

a higher reaction of belite has been observed. The presence of C-S-H can potentially be verified qualitatively by XRD 
pattern and SEM-EDS. Fig. 4-4 shows the XRD patterns after 90 days of hydration at different temperatures focusing 
on the patterns between 28 - 34° (2theta), where the broad peak typical for C-S-H should be present [30]. In fact, a 
clear hump at around 29 – 30° typical for C-S-H is observed at 5 and 60 °C, indicating the presence of C-S-H in those 
two samples. 
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Fig. 4-4. C-S-H humps at different temperatures at the zoomed section of XRD patterns between 2theta 28 - 34°: C-S-H 
= calcium silicate hydrates, E = ettringite, S = strätlingite, Ms = monosulfate. 

 

The formation of C-S-H in the microstructure cured at 5 and 60°C was also observed by SEM. In contrast to Portland 
cement system, where C-S-H generally grows from the surface of cement clinkers [31], no rim of inner C-S-H around 
belite grains was observed at 90 days (Fig. 4-5). At low magnification of the BSE image, C-S-H is difficult to detect due 
to its small size and as it is finely distributed between ettringite and Ms (present as platelets), as shown in Fig 6a and 
6b. C-S-H is generally distributed in the available space rather than next to the belite grains. At high magnification, as 
shown Fig. 4-6C and 6d, C-S-H is well visible; EDS mapping together with image analysis were used to identify C-S-H 
and obtain its composition.  

 

 

Fig. 4-5 Microstructure around belite grains at 5 and 60°C with high resolution SEM 
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Fig. 4-6. Microstructure of C-S-H at 5 and 60°C with magnification (a, b) 1,000x and (c, d) 10,000x. 

 

EDS mapping together with image analysis were used to verify C-S-H. Fig. 4-7 and Fig. 4-8 shows the BSE images of the 
region of interest, and the atomic ratio plots of Si/Ca-Al/Ca and Al/Ca-S/Ca from EDS mapping of BY cement cured at 5 
and 60°C, respectively. The ratio plots of Si/Ca-Al/Ca in both samples (Fig. 4-7c and Fig. 4-8c) present a cloud of points 
towards to high Si. The points with high Si content in the ratio plot was selected to identify the location of C-S-H, and 
displayed on the BSE image (using the edxia framework [26]). By comparison with Fig. 4-7b and Fig. 4-8b, it can be 
confirmed that the “fluffy” phase identified in Fig. 4-6 is indeed C-S-H. The C-S-H at 60°C appears at higher Al content 
in the ratio plots compared to the sample cured at 5°C, consistent with the higher Al-concentrations observed at 60°C 
in the pore solution. Even though the EDS mapping is often used to characterise the chemical composition of C-S-H, it 
is difficult to analyse its composition in the BY cement due to its sparsity in the microstructure, and its fine intermixing 
with aluminate hydrates. The same plots for the 20 and 40°C sample indicated no C-S-H.  
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Fig. 4-7. Identification of C-S-H formation in BY cement at 5°C (a) BSE image (b) BSE image with C-S-H overlay as de-
tected in (c) Si/Ca – Al/Ca ratio plot and (d) Al/Ca – S/Ca ratio plot. Ideal compositions of relevant phases are added to 

the ratio plots as guidelines. 

 

 

Fig. 4-8. Identification of C-S-H formation in BY cement at 60°C (a) BSE image (b) BSE image with C-S-H overlay as de-
tected in (c) Si/Ca – Al/Ca ratio plot and (d) Al/Ca – S/Ca ratio plot. 
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 4.3.4 Formation of siliceous hydrogarnet at 60°C  
Siliceous hydrogarnet is observed at 60°C in the experimental data. In the modelling, generally only the 

formation of mixed Al-Fe containing hydrogarnets is allowed as such Al-Fe-containing siliceous hydrogarnet 
(C3(AF)S0.84H) form readily also at ambient temperature [32]. As no significant amount of iron is present in the BY 
clinker studied, also no siliceous hydrogarnet has been predicted.  

Aluminium containing siliceous hydrogarnet are usually observed at high temperatures only [12,13,33], as a solid solu-
tion between katoite (C3AH6, Ca3Al2(OH)12) and grossularite (C3AS3, C3Al2Si3O12). Their formation is generally prevented 
at ambient temperature in thermodynamic modelling based on the Cemdata18 database, due to their slow formation 
kinetics [34,35], although aluminium containing siliceous hydrogarnet would be thermodynamically more stable than 
AFm phases. As the formation of siliceous hydrogarnet is faster at high temperature, the formation of aluminium-
based siliceous hydrogarnet was allowed in the thermodynamic modelling calculation at 60°C. 

Fig. 4-9 shows a comparison between the experimental data at 60°C and thermodynamic modelling thermodynamic 
modelling based on three different assumptions: i) without, ii) with a restricted amount and iii) with free formation of 
aluminium based-siliceous hydrogarnet. If the formation of siliceous hydrogarnet is not constrained, a large amount of 
aluminium-based siliceous hydrogarnet forms as a stable phase while monosulfate and strätlingite are destabilised, 
and ettringite content is significantly increased. The comparison of the experimental data with the different modelling 
results indicates that the phase assemblages at 90 day at 60°C is not yet at equilibrium; the observed phase assem-
blage corresponds best to the intermediate case were only a limited amount of aluminium-based siliceous hy-
drogarnet is considered. Even under these conditions, the amount of monosulfate and strätlingite is higher than the 
experimental observation.    

 

Fig. 4-9 Thermodynamic modelling calculations: without Al-containing siliceous hydrogarnet (Al-Si-HG), a restricted 
amount of Al-Si-HG and freely allowed Al-Si-HG at 60°C compared to experimental data. 
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4.3.5 Quantification and validation of AFm formation in BY cement 
Fig. 4-10 illustrates the main peaks of hydrated BY cement between ~ 5° to 15° (2theta). From the XRD pat-

tern, two forms of Ms can be observed: Ms12 (C4ASതH12) and Ms14 (C2ASതH14) [36]. The peak position of Ms14 (2theta  
9.2°) is close to the main peak of ettringite (2theta  9.0°), but clearly distinguishable in particular at 60°C. The Ms14 
peak is broader at lower temperature leading to more overlapping with the ettringite peaks. The amount of Ms14 was 
quantified by using the kuzelite crystal structure (ICSD-100138) [37] with refined lattice parameters of a  5.750.01 Å 
and c  28.630.01 Å for all temperature except at 60°C (c  28.53 Å). The overlapping peaks and the modified crystal 
structure lead to a higher error of the quantification. 

 

 

Fig. 4-10 Main hydration products at all curing temperatures at the zoomed section of XRD patterns between 2theta 5 
- 15°: E = Ettringite, Ms = monosulfate and S = strätlingite. 

 

Thermodynamic modelling predicted in particular at 60°C more monosulfate and strätlingite than experimentally 
observed by XRD. Similar observation on too high amounts of SO4-AFm predicted by the modelling has been reported 
previously for BYF cement [10].  The two main AFm phases forming in hydrated BY cement are monosulfate (Ms) and 
strätlingite (S). The AFm-type phase has a layer structure with the general formula [Ca2Al(OH)6]XyH2O, where X is the 
interlayer ions. AFm are often difficult to analyse quantitatively by XRD since interlayer content can vary due to solid 
solution formation, which can result in broad XRD signals and an underestimation of the amount of AFm phases by 
XRD. Alternatively, AFm can be quantified by TGA. The weight loss around 200°C in Fig. 4-11 is attributed to the dehy-
dration of AFm phases, thus to monosulfate and strätlingite. The sample cured at 60°C (and to some extents also 
those at 5°C) shows bigger water losses peaks compared to the samples cured at 20 and 40°C, indicating the presence 
of more AFm phases at 60°C than quantified by XRD. The TGA data confirms that a significant amount of AFm phase 
are formed also at 5 and 60°C, but it is present in rather as amorphous and/or microcrystalline phase at 5 and 60°C. 
The poor crystallinity might be related to higher disorder generated by a more pronounced solid solution formation or 
due to a formation of very small AFm phases.  
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Fig. 4-11 Main hydration products after 90 days of hydration at all curing temperature analysed by TGA curve. 

 

The XRD patterns in (Fig. 4-10) confirm the precipitation of strätlingite at all temperatures. The formation of strätlin-
gite at 60°C has been reported in [38]. The intensity of the characteristic peak of strätlingite around 7° 2theta is in-
creased at lower temperature. The peaks of strätlingite at 5°C are quite broad, indicating a poorly crystalline form 
compared to the crystal structure used for quantification (ICSD 69413). At 60°C, the basal peak at 7° 2theta of strätlin-
gite is slightly shifted to a lower angle, indicating an increase of basal spacing. I. Santacruz, et al [39] reported a shift of 
the basal strätlingite peak to higher diffraction angles after stopping hydration, which is related to dehydration during 
drying. The increase of the basal spacing observed here at 60°C cannot be related to drying but could indicate change 
of the Al and Si contents in the interlayer. The chemical composition of strätlingite in hydrated cements cannot be 
easily analysed by manual EDS point analysis as it is difficult to distinguish the strätlingite microstructure on a BSE 
image and as Si, Ca and Al are the main elements in most hydrates. Therefore, EDS mapping was carried out to identi-
fy strätlingite in the microstructure and estimate its composition. The ratio plots of Si/Ca and Al/Ca of the mappings at 
different temperatures are shown in Fig. 4-12.  

The chemical composition of pure strätlingite is C2ASH8 corresponding to Si/Ca = 0.5 and Al/Ca = 1. The cloud of points 
at 20°C in Fig. 4-12 is aligned between the composition of strätlingite and other AFm phases and ettringite, indicating 
intermixing. Fig. 4-13 shows the identification of strätlingite formation in the microstructure of BY at 20°C analysed by 
image analysis. The EDS points to the composition of strätlingite were indicated in red; strätlingite in the hydrated BY 
cement is present as elongated grains, as shown in Fig. 4-13b. 

The EDS mapping at 5°C shows that the points go towards the composition of strätlingite but contain less Al than ex-
pected. At 40°C, the points are quite scattered towards the high Al content. At 60°C, EDS points cannot clearly indicate 
the presence of strätlingite in the ratio plot at the magnification of 2000x, indicating either the presence of little 
strätlingite or an intimate intermixing of fine strätlingite in C-S-H. No separate grains of strätlingite precipitation in the 
microstructure were observed from EDS mapping at 5, 40 or 60°C.  
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The comparison of the chemical data with the EDS map indicates tentatively a fine distribution of strätlingite in micro-
structure; the grains of strätlingite seem to be smaller than the interaction volume of the beam, therefore it is not 
detected as a separate phase. 

However, the result from this study is not sufficient to show where strätlingite forms, e.g. in the area where AH3 might 
have formed initially or close to reacted belite, as expected from Equation 4-3. The higher AFm content predicted by 
thermodynamic modelling than observed experimentally seems to be related to their microcrystalline size, close in-
termixing with other phases and possibly variable interlayer composition. This limits the accuracy of XRD quantifica-
tion Similar limitation are also discussed in previous study [8] 

 

Equation 4-3:    C2S + AH3 + 5H  C2ASH8   

 

 

Fig. 4-12 Strätlingite intermixed with AFm at different temperatures after 90 days obtained by SEM-EDS mapping at 
magnification of 2000x. The cross indicates the pure composition of each phase. 
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Fig. 4-13 . Strätlingite formation (red) in the microstructure at 20°C (a) Si/Ca – Al/Ca ratio plot and (b) BSE image. 

 4.4 Conclusions 
This study aims to investigate the effect of temperature on phase assemblages at late age of hydration. The 

comparison of the experimental data to at 90 days of hydration with thermodynamic modelling show an overall good 
agreement. Some discrepancies were observed in the quantities of AFm phases, which is discussed and investigated in 
more detail.  

The ye’elimite reacted almost completely in one day at all temperatures. Since the reaction of ye’elimite is so fast, 
temperature does not show significant effect on ye’elimite reactivity beyond 1 day. Belite reacts on slightly during the 
first day and continues to slow up to 28 days of hydration. The reactivity of belite becomes more important again after 
28 days and significant belite reaction is observed at 5 and 60°C at 90 days of hydration, but not at 20 and 40°C, lead-
ing to important differences in the phase assemblages at different temperatures.  

C-S-H is predicted to form at 5 and 60°C, where the reactivity of belite is high. Although XRD Rietveld cannot quantify 
the amount of C-S-H due to its amorphous form, the formation of C-S-H in the sample cured at 5 and 60°C was con-
firmed by XRD pattern, high resolution SEM and EDS mapping results. C-S-H is formed with a fine intermixed micro-
structure, so it is difficult to observe with low magnification. Inner C-S-H cannot be observed around belite grains at 90 
days of hydration. C-S-H forming at 60°C shows highly intermixing with aluminate hydrates; ettringite and monosul-
fate. Therefore, the composition of C-S-H cannot be estimated accurately.  

Siliceous hydrogarnet in this study is formed at 60°C as the Al-containing hydrogrossular due to low amount of Fe in 
the system. The thermodynamic modelling prediction of aluminium siliceous hydrogarnet needs to be activated only 
at 60°C but with a restricted amount in order to compare with the non-equilibrium state of experimental observation 
at 90 days. 

The difference on the quantification of AFm phases between thermodynamic modelling and the experimental data 
can be explained by the formation of poorly or microcrystalline of AFm. Ms14 becomes more stable form when tem-
perature increases, while strätlingite is less stable at high temperature. Strätlingite forms highly fine intermixing with 
AFm. Lower Al content in strätlingite structure was observed in the real system at 5°C. The calcium-aluminiate-silicate 
phase observed at 60°C is not yet confirmed that it could be strätlingite. In this BY system, strätlingite presents as an 
elongated microstructure at 20°C. One aspect that has not been fully investigated is the nature of strätlingite for-
mation whether it forms a true solid-solution or the fine intermix of separated grains in the real BY cement as a func-
tion of temperature.  
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4.6 Appendix 
 

 

Fig. 4-14 Full scaled XRD patterns of BY cement after 90 days of hydration cured at 5, 20, 40 and 60°C. 
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Abstract 

The effect of temperature on phase assemblage, microstructure, porosity and mechanical property of higher alumina 
systems   with similar chemical composition but different clinker phases are investigated from 5 to 60°C. An OPC 
blended with metakaolin, and calcium sulfoaluminate (CSA) clinkers are studied. Temperature accelerates the hydra-
tion kinetics, and this effect is more marked in the CSA system. Both higher alumina systems show low belite reaction 
at all temperatures. The reaction of belite in CSA starts to progress when the formation of aluminate hydrates (AH3 
and/or CAH10) has finished. Temperature affects the phase assemblage mainly in terms of the aluminate hydrates 
formed. The change of phase assemblages between two types of cement, C-S-H dominated (OPC/MK) and ettringite 
dominated (CSA), and how the hydrates are formed are also impacts on the microstructure and porosity refinement. 
The impact of microstructure of strength is examined through the metric of the combined water fraction (CWF), which 
can be simply calculated from bound water content, and porosity measured by MIP. Although there are clear trends of 
increasing strength with increasing CWF and decreasing porosity, these cannot be generalised across the different 
temperatures and systems. 

 

Keywords: Temperature, Hydration kinetics, Phase assemblage, Microstructure, Compressive strength, Metakaolin, 

Blended cement, Calcium sulfoaluminate cement. 
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5.1 Introduction 
The cement production is responsible for 5-7% of anthropogenic CO2 emissions [1]. The CO2 emissions come 

from the decarbonation of limestone, the use of fuel and electricity production [1]. Sustainability in the cement indus-
try is becoming an important concern. There are two main approaches to lower the CO2 emission. The first approach is 
the use of supplementary cementitious materials (SCMs) blended with Portland cement. This approach reduces the 
clinker factor in cements. The SCMs most commonly used are fine limestone, coal combustion fly ashes, granulated 
blast furnace slag [2]. However, the availability of fly ash and slag are relatively low compared to the global demand 
for cement. For this reason, calcined clay containing metakaolin (MK) is one of the promising SCMs for sustainable 
cement [3]. The other approach is the use of alternative binders such as calcium sulfoaluminate cement (CSA) [4,5]. 
CSA is composed mainly of ye’elimite, belite and calcium ferrite phases. The clinker can be produced at lower temper-
atures than Portland cement clinker and there is less limestone in the raw meal [6]. For these reasons CSA clinkers 
may have lower CO2 emissions than OPC. 

A common aspect of these two new binder systems is that they contain higher levels of aluminium oxide compared to 
the conventional Portland cement composition. The main hydration reactions are quite different between these two 
higher alumina systems. In the blended cement of PC + MK, the early reaction is dominated by alite hydration to form 
calcium aluminate silicate hydrates C-S-H and portlandite as initial hydration products. Alumino-ferrite-mono phase 
(AFm) and C-(A)-S-H occur later due to the pozzolanic reaction of metakaolin [2]. Moreover, strätlingite can form 
when the metakaolin content is high [7,8]. On the other hand, the early reaction of CSA is dominated by the reaction 
of ye’elimite with calcium sulfate to forms ettringite, AFm and aluminium hydroxide (AH3), then later C-(A)-S-H and 
strätlingite form attributed to belite reaction [9]. These higher alumina systems have been mainly studied at room 
temperature [7–11]. Zajac et al. made a preliminary comparison of the hydration kinetics and microstructure of these 
two systems at 20°C [12].  

Cementitious materials are widely used under different climate conditions and hydration is sensitive to temperature. 
The influence of temperature on the hydration of Portland cement [13–16] and some blended cements have been 
studied [17–21]. At low temperatures, the hydration rate is reduced [22]. The hydration kinetics is enhanced with the 
increasing temperature, leading to the change of phase assemblages and pore solution[14]. At higher temperatures 
the solubility of ettringite is increase leading to the formation of more monosulfate and higher sulfate concentration 
in pore solution [14]. Temperature also affects the C-S-H which has less gel porosity and is more dense at higher tem-
peratures[23–25].  These changes in phase assemblage mean that although the increases rate of hydration may lead 
to higher early strengths, late age strengths are slightly lower [19,26,27]. The relationship between microstructure and 
compressive strength have been investigated using the porosity, pore network structure (e.g. pore entry size), or the 
hydrates phase formation in the microstructure [19,28–30]. It has been reported that the pore entry size is reduced in 
the metakaolin blended cement observed at 20°C [10,31].  

Few studies have been made of the effect of temperature on metakaolin blends and CSA cement [25,32] The objective 
of this paper is to study the effect of temperature between 5 to 60°C on the change of the higher alumina systems 
with similar chemical composition; Portland cement blended with metakaolin and CSA. The hydration kinetics, phase 
assemblages, microstructure and compressive strength between 1 to 365 days of hydration were investigated with 
various techniques. The results of higher alumina systems were compared between the PC base and the CSA base. 
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5.2 Materials and methods 5.2.1 Raw materials  
The raw materials used in the PC system are light grey cement (LGC), metakaolin (MK), limestone (LS) and a 

chemical grade gypsum. In the CSA system, a laboratory prepared belite-ye’elimite clinker, anhydrite and a laboratory 
prepared mayenite were used as raw materials. The chemical composition and particle size value of these materials 
determined by X-Ray fluorescence (XRF) and laser diffraction (Malvern MasterSizer S) are given in Table 5-1. The 
phase composition quantified by XRD is shown in Table 5-2. 

 

Table 5-1: Chemical composition and particle size value of the raw materials 

PSD LGC MK LS BY clinker Anhydrite MY 
Dv,10 1.26 0.54 2.27 0.54 2.7 0.25 
Dv,50 8.44 5.13 7.71 4.34 8.41 8.97 
Dv,90 24.37 20.17 19.3 15.88 29.88 31.75 

XRF (wt.%)     

SiO2 22.4 52.0 0.11 18.9 2.5 0.1 

Al2O3 3.8 43.8 0.00 20.9 0.6 50.1 

Fe2O3 1.2 0.3 0.04 0.0 0.3 0.1 
CaO 65.6 0.0 56.2 53.1 38.7 47.6 
MgO 0.8 0.0 0.15 0.1 1.9 - 
SO3 3.3 0.1 0.03 6.4 52.2 0.1 

K2O 0.7 0.1 0.01 - 0.2 - 

Na2O 0.2 0.3 0.06 0.1 0.1 0.1 

TiO2 0.2 1.5 0.01   

P2O5 0.1 0.2 0.00 0.0 0.0 0.0 

Others 0.0 0.1 0.00 0.0 0.2 0.0 
*LOI 1.1 1.5 43.4 0.6 3.4 1.2 

     

Sum 99.6 100.0 100.0 100.0 100.2 99.4 
*LOI = Loss of ignition   
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Table 5-2: Phase composition of the raw materials 

XRD (wt.%) LGC MK LS BY clinker Anhydrite MY 

C3S 60.6 - - - - - 

C2S 21.5 - - 60.3 - - 

C3A 9.1 - - - - 1.9 

C4AF 1.4 - - - - - 

C4A3$ - - - 39.4 - - 

C12A7 - - - - - 97.5 

CA - - - - - 0.6 
Dolomite - - - - 6.9 - 
Free lime - - - 0.3 - - 

Portlandite - - - - 0.1 - 
Calcite 1.5 - 99 - - - 

Dolomite 0.7 - 0.7 - - - 
Gypsum 0.2 - - - 2.5 - 

Anhydrite 4.7 - - - 77.7 - 
Quartz 0.3 - 0.3 - 2.3 - 

Metakaolin - 94.2 - - 1.2 - 
Rutile - - - - 8.5 - 

Anatase - 1.2 - - 0.7 - 
Mullite - 4.6 - - - - 

Muscovite - - - - - - 
Cristobalite - - - - - - 

   

Sum 100.0 100.0 100.0 100.0 99.9 100.0 
 

 5.2.2 Mix design and hydration stoppage 
The systems investigated in this study are divided into two main groups; the PC systems and the CSA sys-

tems. In the PC system, there are three subsystems; LGC, LGCMK and LGCMKLS. The LGC is used as a reference. The 
system containing metakaolin is a higher alumina system based on PC similar in overall chemistry to the CSA system. 
The CSA system is composed of BY clinker blended with anhydrite at an anhydrite to ye’elimite molar ratio of 1:1. The 
BY clinker prepared in the laboratory showed a very long induction time, due to the absence of mayenite, usually 
present in very small amounts in commercial CSA clinkers.  To obtain a reaction rate similar to commercial cement, 
small amount of mayenite was added to accelerate the ye’elimite reaction [33] to be able to react during 6 – 12 hours 
at 20°C (see Chapter 2). The mix proportion and the molar ratio of the main elements are given in Table 5-3 and Table 
5-4, respectively.  
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Table 5-3: Composition of the investigated systems (mass %). 

Materials LGC LGCMK LGCMKLS CSA 

LGC 97 76 66 0 
MK 0 20 20 0 

LS 0 0 10 0 

GS 3 4 4 0 

BY 0 0 0 89 

Anhydrite 0 0 0 10.5 

MY 0 0 0 0.25-0.5* 

*the amount of mayenite depends on the reactivity of the batch 
 

Table 5-4: Molar ratio of the main elements in the investigated system 

Materials LGC LGCMK LGCMKLS CSA 

SO3/Al2O3 1.59 0.48 0.46 0.73 

Al2O3/CaO 0.03 0.13 0.12 0.20 

SiO2/CaO 0.31 0.50 0.47 0.31 

(Al2O3+SiO2)/CaO 0.14 0.27 0.25 0.24 
 

 

The binders and deionized water were equilibrated overnight at the intended curing temperature before mixing. The 
dry powders were blended with a lab mixer for 1 minute. Cement pastes were prepared with water to binder ratio 
(w/b) of 0.6 at 1600 rpm for two minutes. The samples were cast into 50 ml polypropylene containers under sealed 
condition with a few drops of distilled water on top of the paste to keep saturated curing. The samples were stored 
until testing at 5, 20, 40 and 60°C.  

Hydration was stopped by the solvent exchange method as prescribed in [34] The cement pastes were cut on a bench-
top by a circular saw with water-cooling. The fresh slices of 2-3 mm thickness were immersed in the isopropanol for 
one week. The isopropanol was changed at 1, 3 and 7 days. The samples were dried in a desiccator under light vacuum 
at least 7 days before the analysis. 

  5.2.3 Methods of analysis 
 

The heat evolution was measured in an isothermal calorimetry (TAM Air, TA instrument). Dry binders, deionized wa-
ter, glass ampules and caps were equilibrated overnight at 5, 20, 40 and 60°C before mixing. Cement pastes were 
prepared as mentioned in the previous section. 10 g of paste were put into a glass ampoule, sealed and placed in the 
calorimeter directly after mixing. Water was used as a reference sample with the same specific heat as the paste.  
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X-ray diffraction was conducted on fresh discs before solvent exchange with a PANalytical X’per Pro diffractometer 
using CuK12 source. The x-ray tube worked at 45 kV and 40 mA and the Bragg-Brentano configuration included a 
fixed diverge slit of 1/2, a soller slit of 0.04 rad and mask of 15 mm. The patterns were recorded between 5 and 70 
(2 theta) using a step size of 0.017 for a total duration of 14 min. Rutile was used as an external standard to quantify 
the amorphous content in the cement paste. The quantitative phase assemblage was carried out by using Rietveld 
refinement method using the High Score Plus software. The experimental errors of XRD were estimated on alite - 
belite on 90 days samples for PC systems and on belite - ye’elimite on 28 days samples analysed with two replicates. 
The error limits of the XRD Rietveld quantification is around 2% mass. The experimental error of the hydrates is not 
estimated here. 

 

The quantification of is normalized per 100g of anhydrous using the water to binder ratio (w/b) by Equation 5-1 [34]. 

 

Equation 5-1:               W୧,୰ୣୱୡୟ୪ୣୢ = W୧,ୖ୧ୣ୲୴ୣ୪ୢ × (1 + ୵ୠ )                      

where Wi is weight percent. 

 

The degree of hydration (DoH) of anhydrous phases at time t was calculated from the mass fraction of reacted phases 
relative to the initial amount. The formula for the calculation is shown in Equation 5-2. 

 

Equation 5-2:    DoH (%)୲ = (୛బି୛౪୛బ ) × 100                    

where W0 is initial amount, Wt is the amount at time t. 

 

A small piece of the dried sample was polished on every side of the surface to remove the carbonated area before 
being gently ground in a ceramic mortar. About 50 mg of powder was placed in a 150L alumina crucible with a lid, 
then was analysed by TGA (Mettler Toledo TGA/SDTA 851 instrument) from 30°C to 1000°C with the rate of 10°C/min 
and under 30 ml/min N2 gas flow. The weight loss from TGA analysis was used to obtain the amount of chemical 
bound water (BW) as shown in Equation 5-3. 

 

Equation 5-3:     BW =  ୛రబି ୛ఱఱబ୛ఱఱబ                                      

where WT is the dry sample weight in grams at the respective temperature (°C) 

 

The solid-state 29Si MAS NMR spectra were acquired on a Bruker Avance 400 NMR (9.39T) spectrometer using a 4 mm 
Bruker CP/MAS probe spinning speed of R = 10.0 kHz, single-pulse excitation with a pulse width of 1.75 s for a radio-
frequency (rf) field strength of B1/2 = 40 kHz, a relaxation delay of 30 s, and typically 2560 scans. The 29Si chemical 
shifts are referenced to neat tetramethylsilane (TMS), using a sample of -Ca2SiO4 ((29Si) = -71.33 ppm) as a second-
ary reference. The simulations of the 29Si MAS spectra employed procedures described elsewhere for anhydrous [7,8]. 
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The degree of reaction for alite, belite and metakaolin is calculated as DoH (t) = [I(t0) – I(t)]/ I(t0), from the relative 
intensities from the simulations of the 29Si MAS NMR spectra before (t0) and after hydration (t). 

A piece of sample was gently polished with a silicon carbide paper of 1200 grid to smooth the surface. The samples 
were embedded in a low viscosity epoxy resin under the vacuum. The impregnated samples were hand-polished on a 
silicon carbide paper of 1200 grid with isopropanol as a lubricant until the sample surface was uncovered. The sample 
was polished by diamond suspensions of 9, 3, 1 and 1/4 m with 15 kN force and 150 rpm for all the polishing steps. 
The polished samples were stored in a vacuum desiccator for at least two days to evaporate the isopropanol before 
coating with carbon. The SEM-EDS investigations were carried out by using a FEI Quanta 200 scanning electron micro-
scope equipped with a Bruker ASX microanalysis XFlash 4030 silicon drift detector for the EDS point analysis and the 
EDS mapping (tungsten filament). The acceleration voltages were 15kV for the EDS point analysis and 12 kV for the 
EDS mapping with a working distance of 12.5 mm for both conditions. 

Image analysis was carried out to confirm and identify the formation of phases of interest in the microstructure. The 
BSE images and EDS mapping data were linked using edxia [35]. The atomic ratio plots of the element in the EDS map 
can identify the main phases in the sample. Using the graphical interface of edxia, manually selected points in the 
ratio plots appear on the BSE image. 

The pore solutions of the hardened samples were extracted by the steel die method [36] using pressures up to 250 
N/mm2. The solutions were filtered immediately with nylon filters (0.45°m). The hydroxide concentrations of the 
pore solutions were calculated from pH measurements with a pH electrode, calibrated against KOH solutions with 
known concentrations. The concentrations of Na, K, Ca, Si, S, Al and Cl were determined with a Dionex DP ICS-3000 ion 
chromatography. Each sample was diluted by a factor 10, 100 and 1000 depending on the ion concentration. Stand-
ards from 0.1 – 50 mg/L were used. The relative error of the measurements was about 10%. 

Micromeritics AutoPore IV 9500 porosimeter was used for measuring porosity in the range from 1 mm down to 2 nm.  
A slice about 1 g of hardened paste samples at 90 days was polished on every side of the surface to remove the car-
bonated area and broken into 4 to 5 pieces. Then, the small pieces of sample were placed in a glass dilatometer. A 
pressure for the intrusion was applied up to 440 MPa. A contact angle of 140 was assumed between mercury and the 
cement paste. 

Mortar samples were prepared following the EN196-1 standard except the water to binder ratio (w/b) was set to 0.6, 
similar to the cement paste samples. The homogenized dry binders and the deionized water were equilibrated over-
night at the intended curing temperature before mixing. The mixing was carried out at room temperature. The stand-
ardized sand was used in a sand to binder ratio (S/B) of 3 by mass. The mortar samples were placed in the boxes and 
cured at 5, 20, 40 and 60 °C until the time of testing from 1 up to 365 days.   

 5.3 Results 5.3.1 Hydration kinetics  5.3.1.1 Heat of hydration 
Fig. 5-1 shows the heat of hydration of the PC and CSA systems normalized per gram of clinker at different 

temperatures. For the different temperatures, the scales of intensity and time are different in order to have the PC 
curve roughly at the same position to be able to compare the CSA curves relative to the PC system. Increasing tem-
perature accelerates the hydration kinetics, more strongly for the CSA system.  
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Considering the alite peak in the PC system, the alite reaction is enhanced for the blended systems due to the filler 
effect of metakaolin and limestone, as shown by the higher intensity of the silicate peak. The enhancement of the 
aluminate reaction can be observed at 40 and 60°C because of high adsorption of sulfate in C-(A)-S-H [37]. As temper-
ature is increasing, the reaction rate of silicate clinker phases is increased. More C-S-H precipitates in the system lead-
ing to more sulfate adsorption in the C-(A)-S-H. As a result, gypsum is depleted earlier and triggers the C3A reaction. 
The reaction of CSA is very fast at high temperature. It combines all the small peaks, present at lower temperature, 
into one peak. In fact, the addition mayenite is not required at the high temperature.  

 

 

Fig. 5-1 Heat flow curves of the investigated system measured at (a) 5, (b) 20, (c) 40 and (d) 60°C. 

 

The cumulative heat release in Fig. 5-2 shows a gradual acceleration of the reaction with the temperature in the PC 
system. The cumulative heat at different temperatures reaches a similar value at 28 days. At 5°C, the cumulative heat 
of the PC systems still continues after 28 days of hydration. The reaction slows down earlier when the temperature is 
increased. With the presence of metakaolin, three stages of reaction rate can be observed at 5 - 40°C. The second 
stage could indicate the metakaolin reaction. For the CSA system, the total heat is much lower than the PC system. A 
big gap difference in the reaction time is observed between 20 and 40°C.  
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Fig. 5-2 Cumulative heat release of the investigated systems at different temperatures up to 28 days of hydration; (a) 

LGC, (b) LGCMK, (c) LGCMKLS and (d) CSA.  

 5.3.1.2 Degree of hydration (DoH) of anhydrous 
The effect of temperature on the degree of hydration of the main clinker phase, determined by XRD 

Rietveld, are shown in Fig. 5-3. Alite and belite are the main clinker phases for the PC system, while belite and 
ye’elimite are the main clinker phases for the CSA system. Both alite and belite reactions in the LGC system are in-
creased as a function of temperature. The extent of this reaction is slightly lower at high temperature compared to the 
LGC system. The reaction of belite in the blended systems is much lower than the LGC system. For the CSA system, the 
reaction of ye’elimite reaches 90% of DoH in 1 day at all temperatures. Belite reaction slightly reacts at early age and 
slows down. After 28 days, the reaction of belite is significantly increased. 
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Fig. 5-3 Comparison of the DoH of the main clinker phase calculated from XRD Rietveld refinement of (a) LGC, (b) 
LGCMK, (c) LGCMKLS and (d) CSA at different temperatures. The main clinker phases of the PC systems are alite and 

belite. The main clinker phases of CSA are belite and ye’elimite. 

 5.3.2 Hydration 5.3.2.1 Hydration development 
Fig. 5-4 and Fig. 5-5 illustrate the XRD patterns up to 30° 2 at 1 and 90 days of hydration. LGC forms C-S-H, 

portlandite (CH), ettringite as the main hydrates with a small amount of AFm. In the higher alumina systems, the high-
er Al2O3/SO3 ratio in the system promotes the AFm formation. Generally, the two AFm phases that form in presence of 
metakaolin are monosulfate (Ms) and strätlingite (S). CO3-AFm (hemi or moncarboaluminate) can be formed as the 
main AFm phase when limestone is present in the system.  

At 1 day of hydration, the main hydrates in the LGC system are C-S-H, portlandite and ettringite at all temperatures. 
Monosulfate and hemicarbonate are formed in small quantity between 20 - 40°C. Monosulfate-14 [38] is formed as a 
main phase instead of ettringite at 60°C. The hydration products in the LGCMK system are quite similar to the LGC 
system, except at 60°C. Only a smaller portlandite content and a higher monosulfate-14 content are observed at 60°C 
compared to the LGC system. A broad peak of AFm at 40°C indicates a poorly crystalline structure of AFm phases 
compared to lower temperatures. Hemicarbonate peak is present at 40°C, its presence is due to the calcite present in 
the LGC (see Table 5-1). In the LGCMKLS system, a similar trend of hydrate formation as the LGCMK system can be 
observed. Additional broad peak of monocarbonate can be observed at 40°C. For the CSA system, the main hydrates 
are different from the LGCMK system, especially at 5°C. When comparing at different curing temperature, similar 
phase assemblages are observed between 20 - 60°C. Ettringite, monosulfate-14 and aluminium hydroxide (AH3) are 
the main hydrated phases of the CSA system at this age. CAH10, which is a metastable phase forming at an early age, 
can be observed only at 5°C [39]. Belite, ye’elimite and anhydrite are still present at all temperatures.  
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Fig. 5-4 Comparison of XRD patterns of (a) LGC, (b) LGCMK, (c) LGCMKLS and (d) CSA after 1 day of hydration at 5, 20, 
40 and 60°C: E = ettringite, CH = Portlandite, Ms = monosulfate, Hc = hemicarbonate, Mc = monocarbonate, Q = 

Quartz, Cc = calcite, A = alite, B = belite, Y = ye’elimite, Ah = anhydrite, CAH10 = calcium aluminate hydrates, AH3 = 
aluminium hydroxide.  

 

At 90 days of hydration (Fig. 5-5), C-S-H, portlandite and ettringite are present in the LGC system at all temperatures. 
Hemicarbonate and monocarbonate can be observed at the temperature below 60°C. More ettringite is precipitated 
with monosulfate-14 at 60°C at this age. The LGCMK system shows a change of phase assemblage with temperatures, 
especially for the aluminate hydrates, particularly the types of AFm phases. At 5 and 20°C, the main hydrates are quite 
similar but an undefined AFm solid solution hereafter called AFmss is found at 5°C. It is most likely a solid solution of 
the AFm phase containing sulfate, hydroxide and carbonate [40]. Monosulfate-14 starts to form at 40°C with ettringite 
and it becomes more stable at 60°C without ettringite precipitation. A small broad peak of siliceous hydrogarnet can 
be observed only at 60°C. The co-existence of strätlingite and portlandite can be observed in the LGCMK system be-
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tween 5 and 40°C. The intensity of portlandite is significantly lower when compared to the LGC system due to the 
pozzolanic reaction. In LGCMKLS, hemicarbonate and monocarbonate are precipitated instead of monosulfate due to 
the presence of limestone. Hemicarbonate is observed at 5 and 20°C as a main AFm phase, while monosulfate-14 is 
observed instead of hemicarbonate and monocarbonate at higher temperatures. Similar to the LGCMK system, mono-
sulfate-14 is formed instead of ettringite at 60°C. Moreover, portlandite cannot be observed at 60°C. The phase as-
semblage in the CSA system changed compared to 1 day of hydration. CAH10 at 5°C and AH3 at 60°C have disappeared 
at a late age. Only a very small hump of AH3 is still present at 20 and 40°C. Strätlingite is formed as a main hydrate 
phase at all temperatures. Moreover, a typical C-S-H hump can be found at 5 and 60°C due to the high belite reaction 
(see Fig. 5-3). Similar to the PC system, more monosulfate-14 is formed at elevated temperature.  

 

 

Fig. 5-5 Comparison of XRD patterns of (a) LGC, (b) LGCMK, (c) LGCMKLS and (d) CSA at 90 days of hydration at 5, 20, 
40 and 60°C: E = ettringite, CH = Portlandite, Ms = monosulfate, Hc = hemicarbonate, Mc = monocarbonate, AFmss = 

solid solution of AFm (SO3-OH-CO3), S = strätlingite, Si-HG = siliceous hydrogarnet, Q = Quartz, Cc = calcite, B = belite, Y 
= ye’elimite, AH3 = aluminium hydroxide. 
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Fig. 5-6 shows the quantitative analysis of phase assemblages at 90 days of hydration of the investigated systems at 
different temperatures obtained by XRD Rietveld quantification, and TGA (bound water). Temperature affects mainly 
the aluminate hydrates. The ettringite content is decreased with increasing temperature in all systems. The content of 
monosulfate is significantly higher at 60°C. C-S-H is included in the amorphous part because it cannot be quantified by 
this technique.  

Considering LGCMK and CSA in Fig. 5-6b and Fig. 5-6d, the hydrate phase assemblage is quite similar but the amount 
of aluminate phases is different. The total content of aluminate hydrates (ettringite, monosulfate and strätlingite) in 
the CSA system is significantly higher than the LGCMK system, due to the low reaction of belite, reducing the Si availa-
ble (see Fig. 5-3).  

 

 

Fig. 5-6 Comparison of the phase assemblages in (a) LGC, (b) LGCMK, (c) LGCMKLS and (d) CSA after 90 days of hydra-
tion at different temperatures determined by XRD Rietveld analysis. 

 5.3.2.2 Bound water content  
The bound water content was measured by TGA. The results are shown in Fig. 5-7. In the PC system, bound water in 
the sample cured at high temperature after 1 day of hydration is higher than the sample cured at low temperature 
and it is slightly increased with time, in agreement with the evolution of the DoH (see Fig. 5-3). The development of 



Chapter 5 - Hydration, microstructure and compressive strength 

 109

bound water in the sample cured at low temperature is higher than the sample cured at high temperature, leading to 
high content of bound water at late age. The amount of bound water in the CSA system is higher than the PC system 
but quite similar across the temperature. After 28 days, bound water is significantly increased because belite contin-
ues to react. Similar to the blended systems, bound water content is increased when the temperature is decreased. 

 

 

Fig. 5-7 Comparison of bound water content at different temperatures in (a) LGC, (b) LGCMK, (c) LGCMKLS and (d) 
CSA.  
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5.3.3 Microstructure and porosity at 90d 5.3.3.1 Microstructure by SEM 
The effect of temperature on the microstructure of the investigated systems at 90 days of hydration is 

shown in Fig. 5-8 - Fig. 5-11. The BSE images of the LGC microstructures (in Fig. 5-8) are similar at temperatures be-
tween 5 to 40°C. The microstructure at 60°C is significantly different. More large pores and fully hydrated grains re-
placed by the formation of C-S-H can be observed at high temperature.  

 

 

Fig. 5-8 Comparison of the microstructures of LGC at 90 days cured at 5, 20, 40 and 60°C. 

 

Fig. 5-9 shows the effect of temperature on the microstructure of the LGCMK system. There are more clinker grains 
remaining in the microstructure compared to the LGC system. The microstructure of the LGCMK system is quite dense 
and homogenous across the temperatures. It does not show a significant change when the temperature is increased. 
At 60°C, there are far fewer large pores in the BSE image compared to the LGC system. The presence of portlandite in 
the microstructure of the LGCMK system is also less than the LGC system. Portlandite is rarely found in the microstruc-
ture at 60°C which corresponds to the XRD results. Many regions of AFm can be found in the microstructure of the 
LGCMK system. It is formed in the pores left by the dissolution of clinker grains.  
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Fig. 5-9 Comparison of the microstructures of LGCMK at 90 days cured at 5, 20, 40 and 60°C. 

 

The microstructure of LGCMKLS (Fig. 5-10) is quite similar to LGCMK. Some large limestone grains can be seen.  

 

 

Fig. 5-10 Comparison of the microstructures of LGCMKLS at 90 days cured at 5, 20, 40 and 60°C.  
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BSE images in Fig. 5-11 show the microstructures of the CSA system at different temperatures. Belite grains are much 
smaller than the PC system. Some dense areas corresponding to ettringite and monosulfate formation can be ob-
served at 5 and 60°C. However, the microstructure at these two temperatures is not homogenous, particularly at 
60°C. The microstructure at 20 and 40°C looks similar and more homogenous. As a result, it is more difficult to find the 
C-S-H on the BSE.  

 

Fig. 5-11 Comparison of the microstructures of CSA at 90 days cured at 5, 20, 40 and 60°C.  

 5.3.3.2 C-(A)-S-H formation in the microstructure of higher alumina systems 
Generally, the C-(A)-S-H in the PC based system is found as an inner product and an outer product. Inner C-

S-H is formed next to the clinker grains while outer C-S-H forms in the available space, as shown in Fig. 5-12a.  

According to the XRD result in Fig. 5-5d, a typical hump of C-S-H formed in the CSA system can be observed at 5 and 
60°C due to high belite reaction. The comparison between the LGCMK system and the CSA system is made only at 
60°C to provide a general idea. More details were discussed in the previous chapter. Inner C-S-H is not seen around 
belite grains for the CSA system, unlike the PC system. 
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Fig. 5-12 Comparison of the C-S-H formation around the clinker grains of (a) LGCMK and (b) CSA at 90 days of hydra-
tion cured at 60°C. 

 

 

Fig. 5-13 The BSE image of the microstructure of C-S-H formed in the CSA system at 90 days of hydration cured at 60°C 
with magnification of (a) 1000x and (b) 3000. 

 5.3.3.3 Strätlingite formation in the microstructure of higher alumina systems 
Strätlingite is another important phase forming in the higher Al systems. It is difficult to identify this phase 

in BSE images. Therefore, edxia is used to indicate the location of strätlingite in the microstructure from the quantified 
EDS mapping [35]. In this part the formation of strätlingite is compared in the LGCMK system and CSA at 20°C because 
the cluster of points around the composition of strätlingite in the CSA system can be observed only at 20°C. The atom-
ic ratio plot of Si/Ca and Al/Ca of both systems at 20°C are shown in Fig. 5-14. The cluster of points around the 
strätlingite composition was selected in red. 
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Fig. 5-14 EDS ratio plot of Si/Ca and Al/Ca from the mapping data of (a) LGCMK and (b) CSA at 20°C. Strätlingite was 
selected as red with the edxia interface [35]. 

 

From Fig. 5-15, Strätlingite in the LGCMK system forms next to the AFm grains, whereas strätlingite in the CSA system 
forms more in the available space. In LGCMK, it is very difficult to distinguish the morphology in the polished section 
due partly to the similarity in grey level between AFm and strätlingite. It forms as masses similar to AFm phase but 
edixia reveals the different chemical composition. Strätlingite in the CSA systems forms elongated shapes, but It is also 
difficult to differentiate without applying the image analysis methodology. 

 

 

Fig. 5-15 Comparison of strätlingite formation in the microstructure of (a) LGCMK and (b) CSA cured at 20°C. 

 5.3.3.4 Porosity at 90 days of hydration 
The influence of temperature on porosity of the systems at 90 days measured by MIP is shown in Fig. 5-16. 

The PC system shows an increase of total porosity as a function of temperature. The critical pore entry diameters in 
LGC are much lower at 5 - 20°C than 40 - 60°C. The blended systems have higher total porosity than the LGC system. 
The critical pore entry for the system blended with metakaolin is reduced compared with the plain system at all tem-
peratures. LGCMK has similar critical pore entry diameters over the range of temperatures, while the critical pore 
entry diameter in LGCMKLS at 5-20°C is slightly smaller than at 40-60°C. For the CSA system, the relation between the 
total porosity and temperature is non-monotonous: the samples cured at 5 and 60°C show a lower total porosity than 
20 and 40°C. The CSA sample cured at 5°C has the lowest total porosity as the total hydrate formation is higher (higher 
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bound water content with C-S-H and strätlingite present). The CSA system shows a small critical pore entry at 5 and 
60°C compared to the other two temperatures.  

 

 

Fig. 5-16 MIP porosity of the investigated systems (a) LGC, (b) LGCMK, (c) LGCMKLS and (d) CSA at different curing 
temperatures at 90 days of hydration. 

 5.3.4 Compressive strength 
Fig. 5-17 shows the effect of temperature on the mortar compressive strengths. Temperature accelerates 

the development of compressive strength at early age, then slow development is observed leading to a lower com-
pressive strength at late age. At 5°C, LGC shows a very low compressive strength at 1 day but it reaches a similar range 
of the compressive strength as the other temperature after 7 days. In the blended systems, the comparable strengths 
are observed after 28 days.  
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The strength of CSA is lower than the LGCMK system. Fig. 5-17 shows no clear trend of compressive strength devel-
opment as a function of temperature. However, there are two groups showing similar compressive strength. The 
compressive strength at 5°C is higher at early ages than the sample at 20°C. After 28 days, the compressive strength is 
increased significantly at 5 - 40°C, while it remains the same at 60°C.  

 

 

Fig. 5-17 The effect of temperature on the compressive strength development of (a) LGC, (b) LGCMK, (c) LGCMKLS and 
(d) CSA. 
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5.4 Discussion 5.4.1 Degree of hydration of belite in CSA  
The DoH of belite in CSA is low before 28 days of hydration, then it extensively reacts at 5 and 60°C after 28 

days. At 180 days of hydration, the DoH of belite at 20 and 40°C is significantly increased. The low belite reactivity 
could be related to the aluminate hydrates, AH3 and/or CAH10, formation as shown in Fig. 5-18. The result shows that 
the reaction of belite is low when AH3 and/or CAH10 are present in the system. After the depletion of AH3 and CAH10 

,belite starts to react. The presence of aluminium in the pore solution could be slowing down the dissolution of silicate 
phase [41]. However, the Al concentration in the pore solution at 90 days shown in Fig. 5-27b of CSA at 60°C is high, 
while the Al concentration at 5°C is nearly zero. Therefore, the real mechanism that governs the reaction of belite in 
the CSA system is not clear. For further studies, the pore solution at all ages should be obtained. Similar low reactivity 
of belite with metakaolin blends which is the PC based higher aluminium system is also observed.  

 

 

Fig. 5-18 Relation between the formation of CAH10 at 5°C and/or AH3 at 20 - 60°C and belite reaction in the CSA sys-
tem. 

 

5.4.2 Correlation between degree of hydration and compressive strength  
The clinker in the LGC system is almost fully reacted, while the DoH of clinker in the blended system is lim-

ited to around 80% after 1 year of hydration, as shown in Fig. 5-19a - Fig. 5-19c. The reaction of the clinker in the CSA 
system (Fig. 5-19d) is increased at elevated temperature. At 180 days of hydration, the reaction is in between 70 – 
90% DoH. 

Fig. 5-20 shows a comparison of compressive strength as a function of DoH of clinker. LGC shows a good correlation 
between compressive strength and DoH of clinker across the temperature. However, a change of slope at 60°C can be 
observed at a later age. It shows that the DoH does not increase while the compressive strength development contin-
ues at late age. Dissolution of hydrates/metastable phases, and reprecipitation in a different configuration might be 
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an explanation. Higher alumina systems (Fig. 5-20b - Fig. 5-20d) reveal quite similar characteristics. Although the com-
pressive strength is increased, the DoH remains similar. Only the initial stage of hydration that the development of 
compressive strength follows the DoH of clinker. These trends are related to the metakaolin.  The CSA system has two 
points which are out of the trend at 5 and 60°C. The compressive strength remains the same where the DoH is signifi-
cantly developed, especially at late age. Therefore, DoH of clinker is not the only factor that can relate the compres-
sive strength result in higher alumina systems. In the blended system, the reaction of metakaolin is contributed to the 
compressive strength and it should be considered.  

 

 

Fig. 5-19 The DoH of clinker of (a) LGC, (b) LGCMK, (c) LGCMKLS and (d) CSA at different curing temperatures. 
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Fig. 5-20 Comparison of compressive strength and degree of hydration (DoH) of clinker calculated by XRD Rietveld 
quantification: (a) LGC, (b) LGCMK, (c) LGCMKLS and (d) CSA. 

 5.4.3 Correlation between porosity VS compressive strength 
Generally, the mechanical property of cement is related to the pore volume and the pore distribution in 

cement [42]. In this study, the total porosity of different systems cured at different temperatures was measured by 
MIP. Fig. 5-21 shows the relationship between the total porosity and compressive strength at 90 days of hydration. 
Globally, the PC systems show some relationship between these two parameters, but with a large scatter. However, 
the CSA system does not really show any correlation. Thus, the total porosity cannot explain the compressive strength 
across the systems at different temperatures. Similar results have been reported in previous studies [13,30].  
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Fig. 5-21 Comparison of compressive strength and total porosity measured by MIP at 90 days.  5.4.4 Correlation between combined water fraction (CWF) and compressive strength 
To relate the hydrate formation to the compressive strength, the concept of combined water fraction (CWF) 

was investigated [43]. This method is easier to calculate than the gel space ratio (GSR)[29,44] because it only needs 
bound water obtained by TGA result. The difficulty of quantifying the amounts of many individual phases (particularly 
those which are amorphous or poorly crystalline) means that large errors accumulate in the GSR calculation.  

The plot of compressive strength as a function of CWF is shown in Fig. 5-22. The PC systems are C-S-H dominated sys-
tem, while the CSA system is ettringite dominated. The LGC system has good correlation between compressive 
strength at CWF. The blended systems present overall good correlation but more scattered points than the LGC sys-
tem. A significant change of phase assemblages occurs at 60°C, it could affect bound water content in the total hy-
drates. For the CSA system, the CWF is not related well to the strength.  
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Fig. 5-22 Comparison of compressive strength and CWF of the investigated systems at different temperatures. 

 

5.4.5 The contribution of C-S-H to compressive strength in CSA 
In the PC system, C-S-H is considered as a main hydration product initially formed in the cement matrix. It is 

linked to the macroscopic property of cement. Even though phase assemblage is slightly transformed in the blended 
system, C-(A)-S-H is still formed as a dominant phase due to the pozzolanic reaction. Therefore, C-(A)-S-H forming in 
the PC based system contributes to compressive strength.  

In the case of the CSA system, the hydrated phase assemblages at early age and late age are different. Due to the slow 
reaction of belite, C-S-H is formed at a late age when the microstructure is full of ettringite and monosulfate. The C-S-
H in the CSA system is formed in the samples cured at 5 and 60°C (see Fig. 5-5). It decreased the pore entry diameter 
to a similar range as the LGCMK system and reduced the total porosity at 90 days measured by MIP (see Fig. 5-16). 
However, the compressive strength of these two samples is not significantly increased (see Fig. 5-17). The compres-
sive strength between 5 - 20°C is quite similar after 28 days, while the compressive strength at 60°C remains the same. 
The explanation for the constant compressive strength of the sample cured at 60°C is probably due to the heteroge-
neous microstructure and the internal micro cracks observed at late age. Therefore, it seems that the contribution of 
C-S-H formation in the CSA system is less than expected. This is probably due to low content and poor distribution. 

 5.4.6 Effect of microstructure 
Neither phase assemblage or porosity can directly explain the development of compressive strength. The 

MIP result shows that C-S-H formation can refine the porosity of cement. However, the pore entry radius of the LGC 
system is larger than the higher alumina systems, even though it forms C-S-H. Therefore, how and which C-(A)-S-H 
forms in the microstructure is also important. 
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Moreover, the difference of microstructure between the PC system and the CSA system could be a major effect on the 
compressive strength. In general, the PC system shows a good distribution of hydrates in the matrix, resulting in a 
homogenous microstructure. The CSA system with ettringite and AFm as main phases has a much more heterogene-
ous microstructure. These differences could explain the lack of a clear relation between porosity of hydrates and 
strength. 

The non-uniform microstructure might be due to the lab produced clinker. A commercial cement could have a better 
optimized particle size distribution and reactivity. It might improve microstructure and strength. However, a synthetic 
clinker has a relevant chemical composition and phase assemblages. 

 5.5 Conclusions 
This study looked at the effect of temperature on the hydration kinetics, phase assemblages, microstructure 

and porosity, and linked these to the compressive strength of the higher Aluminium systems. 

Temperature accelerates the hydration kinetics. This effect is more pronounced in the CSA system. Temperature gen-
erally enhances the reaction of alite and belite. However, the higher Aluminium systems, both LGCMK and CSA, had 
low belite reaction even at high temperatures. The role of belite reaction is important because it controls the final 
phase assemblage. In metakaolin blends, the competition between clinker and metakaolin reaction depending on the 
temperature leads to the difference of silicate phase dissolution. In the case of CSA, the increase of reactivity of belite 
with temperature cannot compensate for the presence of aluminium hydrates (AH3 or CAH10). However, the mecha-
nism that governs belite reaction in higher Aluminium systems is still not clear. 

Although the initial chemical composition of the higher aluminium systems is close, the differences between PC which 
is alite dominated and CSA which is dominated by the reactivity of ye’elimite can be observed. Ettringite and AFm 
form as the initial products in CSA, while LGCMK forms C-S-H first. Consequently, the bound water of CSA, associated 
with the water content in ettringite and AFm, is generally higher than the PC system. The influence of temperature is 
mainly on the aluminate hydrates. More monosulfate is increased instead of ettringite and more strätlingite formation 
is decreased at elevated temperature.  

The temperature affects not only the phase assemblage, but also the microstructure. As the temperature is increased, 
the microstructure of the LGC system becomes significantly more porous at 60°C. In the presence of metakaolin there 
are much less obvious changes of microstructure with increasing temperature. The microstructure of the CSA system 
is more heterogeneous than the LGCMK system. The precipitation of C-S-H and strätlingite is different between the 
two types of cement. C-S-H precipitates as inner and outer product in the PC systems, while it is formed mainly in the 
available space finely intermixed with AFm and ettringite in the CSA system and not dense structure. Moreover, 
strätlingite in the LGCMK system is formed closely to monosulfate grains. The formation of strätlingite in the CSA sys-
tem is finely intermixing in the matrix which cannot be observed at low magnification, except at 20°C.  

The degree of hydration of clinker correlates well with the compressive strength in the plain LGC system. In the blend-
ed systems, the degree of reaction of metakaolin is also contributed to compressive strength, thus it should be con-
sidered. A general relation between the MIP porosity and the compressive strength can be observed but it is quite 
scattered. The combined water fraction (CWF) concept shows globally good correlation with the compressive strength 
in the PC systems, but less good at high temperature. In the CSA system, there is no clear explanation on the compres-
sive strength.  
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5.7 Appendix 
Appendix 5-A: The formation of hydrates 

The ettringite content of the investigated systems at different temperatures quantified by Rietveld analysis 
are shown in Fig. 5-23. Ettringite is slightly decreased at late age in the blended systems. At 60°C, a small amount of 
ettringite is formed in the LGC system, while it cannot be observed in the blended system. For the CSA system, the 
change of ettringite with time can be observed. Ettringite is increased as the hydration develops at 5 and 20°C. How-
ever, a significant decrease of ettringite is observed at 40 and 60°C after 28 days and 90 days of hydration, respective-
ly. 

 

 

Fig. 5-23 Comparison of ettringite content at different temperatures of (a) LGC, (b) LGCMK, (c) LGCMKLS and (d) CSA.  

 

The quantitative analysis of monosulfate at different temperatures are shown in Fig. 5-24. The amount of monosulfate 
in the PC system is related to the formation of ettringite. The content of monosulfate is relatively high when the 
ettringite content is low. The formation of monosulfate in the CSA system is shown in Fig. 5-24d. High content of 
monosulfate is formed after 1 day of hydration at the temperature above 5°C. it is quite constant after 90 days at 20 
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and 40°C. At 60°C, the content of monosulfate does not vary before 28 days and lower than 20 and 40°C. After 28 days 
of hydration, a significant increase of monosulfate formation is observed.  Monosulfate forming at 5°C is increased 
with time. 

 

 

Fig. 5-24 Comparison of monosulfate content at different temperatures of (a) LGC, (b) LGCMK, (c) LGCMKLS and (d) 
CSA.  

 

Fig. 5-25 shows the content of strätlingite formation of the higher alumina systems at different temperatures. Strätlin-
gite in the PC system starts to form earlier than the CSA system. However, the amount of strätlingite at late age in the 
CSA system is significantly higher than the PC system after 28 days of hydration corresponding to high belite reaction.  
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Fig. 5-25 Comparison of strätlingite content at different temperatures of (a) LGCMK, (b) LGCMKLS, and (c) CSA.  

 

Portlandite is the main hydration product of calcium silicate phase. Portlandite content in the blended system is re-
duced due to the pozzolanic reaction from metakaolin. The amount of portlandite is low with increasing temperature 
because of higher DoR of metakaolin at high temperature, as shown in Fig. 5-26. At 5°C, portlandite content is initially 
increased, then dramatically dropped after 7 days of hydration. Similar trend between LGCMK and LGCMKLS is ob-
served. The change of portlandite content comes from the competition between alite and metakaolin. After alite 
reaches 90% of DoH, faster portlandite consumption from metakaolin is observed, showing a drastic drop of portland-
ite content after 7 days of hydration.  

 

 

Fig. 5-26 Comparison of portlandite content at different temperatures of (a) LGC, (b) LGCMK and (c) LGCMKLS.  
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Appendix 5-B: the ion concentrations in the pore solution at 90 days 

Ion concentrations in the pore solution at 90 days of the investigated systems at different temperatures are 
given in Table 5-5. The OH- concentration was calculated from charge balance 

The ion concentrations of S and Al in the pore solution of the investigated systems cured at different temperatures at 
90 days of hydration are shown in Fig. 5-27. A significant increase of sulfate concentration (Fig. 5-27a) in the pore 
solution is observed in the PC system at 60°C, while it does not change in the CSA system. This can be explained by the 
increase of solubility of ettringite at high temperature [45]. Ettringite is present in the CSA system, but not the PC. The 
aluminium concentration (Fig. 5-27b) in the CSA is low at 5°C compared to the other temperature where the alumini-
um concentration is significantly higher than the PC blends. 

 

 

Fig. 5-27 The concentration of (a) S and (b) Al in the pore solution of the investigated systems at 5, 20, 40 and 60°C. 
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Table 5-5: Ion concentrations in the pore solution at 90 days of hydration of the investigated system at 5, 20, 40 and 
60°C. 

System Temperature 
(°C) 

Na 
(mM) 

K 
(mM) 

Ca 
(mM) 

Si 
(mM) 

S 
(mM) 

Al 
(mM) 

Cl 
(mM) 

OH- 
(mM) 

      
LGC 5 118.1 289.8 2.0 0.0 1.0 0.1 0.1 409.7 

 20 124.1 281.0 1.8 0.0 2.6 0.1 0.1 403.5 
 40 128.2 270.8 1.8 0.0 16.3 0.1 0.1 369.8 
 60 136.1 278.7 3.5 0.0 99.4 0.0 0.1 222.8       

LGCMK 5 67.4 109.0 1.3 0.2 0.2 1.4 0.1 177.0 
 20 60.5 82.5 1.3 0.2 0.7 1.2 0.2 142.7 
 40 42.7 60.3 1.0 0.3 6.1 1.0 2.3 89.3 
 60 57.7 84.8 2.8 0.2 36.3 0.1 4.4 70.8       

LGCMKLS 5 45.4 65.4 1.3 0.2 0.3 1.3 0.0 111.3 
 20 41.0 53.1 1.1 0.2 0.4 1.6 0.1 93.6 
 40 34.3 43.5 1.0 0.2 3.0 1.3 1.8 70.4 
 60 46.5 64.5 1.0 0.2 25.9 0.7 3.8 56.6       

CSA 5 37.4 0.6 7.1 0.0 0.1 0.1 0.7 51.1 
 20 33.0 0.8 1.1 0.1 3.2 5.0 4.7 19.7 
 40 27.4 0.2 0.8 0.1 1.7 4.5 4.8 16.4 
 60 32.1 0.2 0.8 0.1 3.4 6.2 5.0 15.9 
            

 

Fig. 5-28 exhibits the effective saturation indices of selected hydrates. itwas calculated from the pore solution chemis-
try. The effective saturation indices globally agree well with the XRD result at 90 days. Some discrepancies are ob-
served on the CSA systems. Strätlingite at 5°C is present in large quantities from the XRD data, while the effective 
saturation indices of strätlingite is in the range of undersaturation. Moreover, AH3 at 60°C is at the equilibrium stage 
but no AH3 is observed by XRD.  
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Fig. 5-28 Effective saturation indices of hydrate phases in (a) LGC, (b) LGCMK, (c) LGCMKLS and (d) CSA calculated from 
ion concentration of pore solution at 90 days: CH = portlandite, S = strätlingite, E = ettringite, AH3 = aluminium hydrox-

ide 
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Appendix 5-C: Relationship between combined water fraction (CWF) and compressive strength separated by the sys-
tems 

 

 

Fig. 5-29 Comparison of combined water fraction (CWF) and compressive strength calculated by TGA: (a) LGC, (b) 
LGCMK, (c) LGCMKLS and (d) CSA. 
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Abstract 

The chloride ingress in cementitious systems with higher alumina content was studied by electro-migration and bulk 
diffusion. Two different higher alumina systems, Portland cement blended with metakaolin and calcium sulfoalumi-
nate cement with high belite (CSA), were studied at different curing temperatures of 5, 20, 40 and 60°C. Durability 
indicators such as the pore solution conductivity, the porosity, and the effective conductivity are compared to the 
chloride ingress. The higher alumina system, with the presence of metakaolin, shows good resistivity of chloride in-
gress in the cement paste when compared to OPC. For PC-based cement, the mini migration method gives a good 
indication of performance in the bulk diffusion test which normally takes 6 months to 1 year. The setup for the CSA 
has to be developed to give conditions more representative to the bulk diffusion test and to be more reliable. The 
relation between the effective properties, and the durability indicators are non-trivial when comparing these systems. 

 

Keywords: Metakaolin, Limestone, Calcium sulfoaluminate cement, Temperature, Chloride ingress, Chloride migra-
tion, Bulk conductivity, Pore solution conductivity, Porosity. 
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6.1 Introduction 
Low CO2 binders become more interesting in cement research [1]. One approach to lower embodied CO2 is 

to blend Portland cement with supplementary cementitious materials (SCMs) [2] (PC based system). Another ap-
proach is an alternative binder called calcium sulfoaluminate cement (CSA) which contains ye’elimite as the main 
reactive clinker phase. A common feature of these new types of cement is that they have higher alumina content 
when compared to Portland cement. This impacts the hydration kinetics, phase assemblages and microstructure, as 
shown in Chapter 3-5. The pore solution chemistry, in particular the pH, is also affected which has a major effect for 
the transport properties [3]. This leads to a change of the resistance with respect to several durability issues which are 
important to be studied before using these new formulations as commercial products.  

Chloride ingress is one of the main causes of the de-passivation and corrosion of steel reinforcement leading to deg-
radation of concrete structures [4]. It is known that the use of SCMs improves the resistance to chloride ion transport 
in concrete; this is usually attributed to the porosity refinement. In addition, several studies have reported a high 
capacity of chloride binding in the metakaolin blends due to the chemical binding of Friedel’s salt formation [5–7] and 
a physical binding of C-A-S-H [8]. CSA also forms the AFm phase as a main hydration product which can bind the free 
chlorides in the pore solution [9]. Moreover, the pH level in CSA (BYF type) was found to be sufficient to passivate 
carbon steel [10,11]. Therefore, these higher alumina systems potentially have good chloride resistance.  

The determination of the chloride penetration in cement by the bulk diffusion test requires time, typically 6 months or 
more to obtain measurements. Recently, Wilson et. al proposed a mini migration method to estimate the effective 
diffusion coefficients at the cement paste scale which shorten the experimental time to 14 days [12]. Many types of 
binders, including metakaolin-limestone blends, were studied, but they were all Portland cement-based systems and 
were cured at the same temperature. A few studies on chloride ingress in CSA have been reported only at 20°C 
[13,14].  

The objectives of this study are to compare the mini migration method to the bulk diffusion method and to verify the 
capability of these two approaches to assess the chloride ingress in cement paste. Different types of cement paste, 
PC-base and CSA-base cements, cured at different temperatures were studied. In addition, the correlation between 
different parameters: the effective diffusion coefficient, the chloride penetration depth, the effective conductivity, the 
pore solution conductivity, the ions concentrations, the pore connectivity were explored. 
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6.2 Materials and methods 6.2.1 Raw materials characterization 
The raw materials used in the PC system are a light grey cement (LGC), metakaolin (MK), limestone (LS) and 

a chemical grade gypsum (GS). For the CSA system, a laboratory prepared belite-ye’elimite (BY) clinker, anhydrite and 
a laboratory prepared mayenite (MY) were used as raw materials. The synthesis of the clinker is described in Chapter 
2. The chemical composition and particle size value of these materials determined by X-Ray fluorescence (XRF) and 
laser diffraction (Malvern MasterSizer S) are given in Table 6-1. The phase composition quantified by XRD is shown in 
Table 6-2. 

 

Table 6-1: Chemical composition and particle size value of the raw materials 

PSD LGC MK LS BY clinker Anhydrite MY 
Dv,10 1.26 0.54 2.27 0.54 2.7 0.25 
Dv,50 8.44 5.13 7.71 4.34 8.41 8.97 
Dv,90 24.37 20.17 19.3 15.88 29.88 31.75 

XRF (wt.%)     

SiO2 22.4 52.0 0.11 18.9 2.5 0.1 

Al2O3 3.8 43.8 0.00 20.9 0.6 50.1 

Fe2O3 1.2 0.3 0.04 0.0 0.3 0.1 

CaO 65.6 0.0 56.2 53.1 38.7 47.6 
MgO 0.8 0.0 0.15 0.1 1.9 - 
SO3 3.3 0.1 0.03 6.4 52.2 0.1 

K2O 0.7 0.1 0.01 - 0.2 - 

Na2O 0.2 0.3 0.06 0.1 0.1 0.1 

TiO2 0.2 1.5 0.01   

P2O5 0.1 0.2 0.00 0.0 0.0 0.0 
Others 0.0 0.1 0.00 0.0 0.2 0.0 

*LOI 1.1 1.5 43.4 0.6 3.4 1.2 
     

Sum 99.6 100.0 100.0 100.0 100.2 99.4 
*LOI = Loss of ignition   
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Table 6-2: Phase composition of the raw materials 

XRD (wt.%) LGC MK LS BY clinker Anhydrite MY 

C3S 60.6 - - - - - 

C2S 21.5 - - 59.6 - - 

C3A 9.1 - - - - 1.9 

C4AF 1.4 - - - - - 

C4A3$ - - - 40.4 - - 

C12A7 - - - - - 97.5 

CA - - - - - 0.6 
Dolomite - - - - 6.9 - 

Portlandite - - - - 0.1 - 
Calcite 1.5 - 99 - - - 

Dolomite 0.7 - 0.7 - - - 
Gypsum 0.2 - - - 2.5 - 

Anhydrite 4.7 - - 0.1 77.7 - 
Quartz 0.3 - 0.3 - 2.3 - 

Metakaolin - 94.2 - - 1.2 - 
Rutile - - - - 8.5 - 

Anatase - 1.2 - - 0.7 - 
Mullite - 4.6 - - - - 

Muscovite - - - - - - 
Cristobalite - - - - - - 

   

Sum 100.0 100.0 100.0 100.1 99.9 100.0 
 

 

 6.2.2 Mix design and preparation 
The systems investigated in this study are divided in two main groups; the PC system and the CSA system. In 

the PC system, there are three subsystems; LGC, LGCMK and LGCMKLS. The LGC system is used as a reference system. 
The CSA system is composed of a BY clinker blended with anhydrite with anhydrite to ye’elimite molar ratio of 1:1. A 
small amount of mayenite was added to accelerate the ye’elimite reaction [15] to give the main reaction during 6 – 12 
hours at 20°C. The water to binder ratio (w/b) in this study was fixed at 0.6. The mixed proportions are given in Table 
6-3.  
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Table 6-3: Composition of the investigated systems (% mass). 

Materials LGC LGCMK LGCMKLS CSA 

LGC 97 76 66 0 
MK 0 20 20 0 

LS 0 0 10 0 

GS 3 4 4 0 

BY 0 0 0 89.1 

Anhydrite 0 0 0 10.5 

MY 0 0 0 0.4 
 

 

The binders and deionized water were equilibrated overnight at the intended curing temperature before mixing. A 
small amount of admixture, polycarboxylate (PCE), was added into the distilled water before equilibration at the cur-
ing temperature to control the workability of the cement paste only for the PC based systems. The dry powders were 
blended with a laboratory benchtop mixer at 1200 rpm for 1 minute, then water added and mixed at 1600 rpm for 2 
minutes. After the high-shear mixing, a vacuum mixing at 450 rpm was applied to remove the air bubble entrapped in 
the cement pastes. The cement pastes were gently transferred into 50 ml cylindrical polypropylene containers under 
sealed condition with a few drops of distilled water on top of the paste to keep saturated conditions during curing. 
The samples were stored at 5, 20, 40 and 60°C for at least 20h before demoulding. The samples cured at 5°C were 
demoulded at 48h due to the slow reaction and setting. Then, the samples were kept under saturated condition with 
some small pieces of the same paste added at the bottom of each container to prevent leaching and to obtain the 
curing condition of their own pore solution (see Fig. 6-1). The samples were then maintained at the original curing 
temperatures until testing. 

 

 

Fig. 6-1 Sample curing for transport property test. 
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6.2.3 Methods 6.2.3.1 Bulk diffusion test 
After curing in the pore solution for 28 days, the sides of the cylindrical cement paste samples were abrad-

ed and allowed to surface dry for about 1 hour before coating. The rough surface was created to help epoxy attached 
to the surface of the sample. The samples were coated with epoxy resin (ARALDIT GY 250) and dried for 24 hours. 
About 2 mm of the bottom of the cylinder were cut off to open the cement paste surface and allow unidirectional 
penetration of chloride. The samples were fully immersed separately between the PC systems and the CSA systems in 
a plastic container with a 0.5M NaCl solution for 6 and 9 months. The samples were divided into two groups. The first 
group was exposed to the 0.5M NaCl solution at room temperature. The other group was exposed to the 0.5M NaCl 
solution at the same temperature as for curing (5, 40 and 60°C). In this study, the samples cured at 20°C and exposed 
at room temperature are noted as the 20°C data. The solutions were regularly changed every month, except in the 7th 
month due to the COVID restrictions (only the PC system).  

The samples were taken out from the solution and cut with a dry blade in a longitudinal direction. The sample pieces 
were hand ground on silicon carbide paper with 150, 300 and 500 grits always moving parallel to the surface to main-
tain the chloride profile in the sample. After grinding, the freeze-drying method was used to stop the hydration. The 
samples were wrapped with a piece of tissue and kept in a zip lock bag before storing in the freezer at -85°C for at 
least 24 hours, then transferred to a freeze dryer for at least 48 hours.  

A simple method of silver nitrate colorimetric indicator was used in this study to measure the free chloride penetra-
tion depth in cement paste. 0.1N AgNO3 was sprayed on the surface of the sample. The boundary between white and 
brown areas could be well distinguished. The white area is a precipitation of silver chloride indicating the presence of 
free chloride in the sample. In the brown area, the silver ions react with the hydroxyl to form a brown precipitate 
which is assumed as the chloride free area. After 1 hour, the chloride penetration depth (d) was measured as shown in 
Fig. 6-2. The average value from 5 measurements at every 5 mm along with the chloride front is reported. In principle, 
micro-XRF should be used to obtain a better quantification. However, the equipment became unavailable due to fail-
ure and the COVID crisis. Therefore, this semi-quantitative approach was used as a practical replacement. 

 

 

Fig. 6-2 The sample after applying 0.1N AgNO3 on the surface. The chloride penetration depth (d) was measured at the 
white and brown boundary. 
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6.2.3.2 Mini-migration test 
The setup of the mini-migration experiment and its justification are given in detail in [12]. The schematic of 

estimation of the effective chloride diffusion coefficient (Deff) from the mini-migration test is shown in Fig. 6-3.  

 

 

Fig. 6-3 Schematic of estimation of the effective chloride diffusion coefficient (Deff) from mini-migration test. 

 

After curing for 28 days at 5, 20, 40 and 60°C of hydration in saturated condition, the samples were cut in a disc shape 
10mm thick and 33mm diameter. They are kept in wet tissue to prevent surface drying. The two surfaces of the sam-
ple were lightly ground with some drops of water and the residue on the surface was removed by ultrasonic bath for 
30 seconds. The samples were dried for 15 min before mounting in a plastic ring with silicone, as shown in Fig. 6-4. 
After coating the sides of the sample, the mounted sample was stored in a humidity chamber to prevent the surface 
drying of the samples. They were immersed in a 0.3M NaOH solution for 48 hours under slight vacuum. The two reser-
voirs were attached together with the mounted sample in the middle and the two rubber rings were held in between. 
A 0.5M NaCl and 0.3M NaOH solution was used in the upstream reservoir, while a 0.3M NaOH solution was used in 
the downstream reservoir to limit the leaching of alkalis. The upstream and downstream reservoirs were filled with 
the solution at the same time. The setup of the mini-migration cell is shown in Fig. 6-5. 
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Fig. 6-4 A sample mounted with a plastic ring by silicone 

 

 

Fig. 6-5 The setup of mini-migration test 

 

The applied voltage in each system is shown in Table 6-4. The voltage of each sample was adjusted to obtain an initial 
current between 5 – 25 mA. The applied voltage was then kept constant during 24h. The voltage used controls the 
time for the experiment. The actual voltage was measured in the solution across the sample at the beginning and the 
end of the test. It is lower by about 2.5V than the applied voltage due to a loss of potential at the electrodes. The 
actual voltage of each specimen is considered for the Deff calculation (see Equation 6-1). The applied voltage for LGC 
and CSA was generally similar for the sample cured at the different temperatures and lower than for the blended 
systems. The voltage used for the blended systems varied depending on the curing temperature.  
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Table 6-4 The applied voltage (V) of each system for the mini migration test 

Systems 
Applied voltage (V) 

5°C 20°C 40°C 60°C 
LGC 4 5 4 4 

LGCMK 8 13 12 20 
LGCMKLS 8 13 12 20 

CSA 4.5 3 3 4.5 
 

 

The current curves (shown in Appendix A) during the mini migration tests were continuously monitored by the logging 
instrument (Squirrel Data Logger, Grant Instruments). The minimum of the current indicates the breakthrough time of 
chloride from the upstream to the downstream reservoir. Moreover, it can provide an estimation of the time of the 
end of the constant migration regime which is the region of interest for Deff calculation.  

These two parameters, the voltage and the current, are the main parameters that have to be monitored for the initial 
setup, and during the first 24 hours. The applied voltage can accelerate or slow down the flow of chloride which af-
fects the total time of the experiment. The voltage needs to be chosen to ensure that the steady state migration re-
gime can be captured by sampling every 1 – 2 days during the experimental time (14 days). 

The Deff was calculated from the evolution of chloride concentration in the downstream compartment. The 5 ml of the 
solution in the downstream reservoir was sampled every 2-4 days to analyse the flow of chlorides and a fresh 5ml of 
0.3M NaOH solution was added to the downstream reservoir to balance the level of the solution. The sampling solu-
tions from the downstream reservoir were titrated with a TitroLine® 5000 using 0.05M AgNO3 solution to obtain the 
chloride mass as a function of time as shown in Fig. 6-6. The standard solution of 0.1M NaCl was used for the calibra-
tion. The time that the chloride from the upstream reservoir breaks through the sample to the downstream reservoir 
is given as t0. Only the points in the constant migration regime are considered. The slope indicates the chloride flow 
rate that is used for the Deff calculation. After the constant migration regime, the chloride flow gradually reduced with 
time due to reaction at the electrodes. 

 

Fig. 6-6 A typical result of the evolution of chloride mass obtained by the chloride titration from the downstream sam-
pling solution as a function of time. 
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The effective chloride diffusion coefficient (Deff) was estimated with a simplified Nernst-Planck equation for transport 
in solution:  

 

Equation 6-1:    Dୣ୤୤ =  ୎೏೚ೢ೙ୡ౫౦  ୖ୘୊ ௟∆୉ 

 

where Deff is the chloride effective diffusion coefficient, cup is the chloride concentration in the upstream reservoir 
(mol/m3), R is the gas constant, T is the temperature (K), F is the Faraday constant, 𝑙 is the specimen thickness (m),E 
is the voltage drop across the specimen (V) and J is the chloride flux through the sample (mol/m2s). J can be deter-
mined by the slope of chloride mass, 𝑚ሶ ஼௟ష  (g/s) obtained from the chloride titration of the downstream reservoir 
solution as a function of time: 

 

Equation 6-2:    Jୢ୭୵୬ = ଵୗ ∙ ୫ሶ ిౢష୑౓,ిౢష 

 

where S is the surface area of the sample (m2), MW,Cl- is the molar mass of chloride (g/mol).  

 

The measure gives an effective diffusion coefficient. The “effective” means that it is a property of the material (solid 
skeleton, and pore network filled with the pore solution), in principle, independent of the boundary conditions and 
geometry of the sample. 

 6.2.3.3 Bulk resistivity measurement 
The samples were cured at different temperatures in the pore solution until the test date. The same sam-

ples were measured with the bulk resistivity as a function of time. The samples were equilibrated at room tempera-
ture for 1 hour before the measurement. The bulk resistivity(b) was measured with a method adapted from ASTM 
C1876 [16] for cement pastes cured in pore solution. A Giatec RCON2 instrument was used at 1 kHz on cylindrical 
cement paste samples with smaller electrodes fabricated as downscaled replicates of the RCON2 electrodes for con-
crete. After the measurement, the samples were kept in the same curing condition. The effective conductivity, eff, 
was calculated using Equation 6-3. 

 

Equation 6-3:    σୣ୤୤ = ଵ஡ౘ =  ୪ୖ୅ 

 

where 𝑙 is the length of the specimen, R = electrical resistance of a uniform specimen and A is the cross-sectional area 
of the specimen. 
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6.2.3.4 Analysis of pore solution 
The pore solutions of the hardened samples were extracted by the steel die method [17] using pressures up to 250 

N/mm2. The solutions were filtered immediately with nylon filters (0.45°m). The pH values and conductivity were 

measured directly after the extraction. The pH electrode was calibrated against KOH solutions with known concentra-

tions. The conductivity was calibrated with a saturated NaCl solution. The concentrations of Na, K, Ca, Si, S, Al and Cl 

were determined with a Dionex DP ICS-3000 ion chromatography in samples diluted by a factor 10, 100 and 1000 

depending on the ion concentration. Standards from 0.1 – 50 mg/L were used. The relative error of the measurements 

was < 10%. The hydroxide concentrations of the pore solutions were calculated from the charge balance of the ions 

 6.2.3.5 Mercury intrusion porosimetry (MIP) 
The critical pore diameter and the total porosity was measured by mercury intrusion porosimetry (Micromeritics Au-

toPore IV 9500 porosimeter). A slice of about 1 g of hardened paste samples at 90 days was polished on every side of 

the surface to remove the carbonated area and broken into 4 to 5 pieces. Then, the small pieces of sample were 

placed in a glass dilatometer. A pressure for the intrusion was applied up to 440 MPa. A contact angle of 140° was 

assumed between mercury and the cement paste. 

 6.3 Results  6.3.1 Chloride penetration depth 
The average chloride penetration depth obtained after 9-months (PC based systems) and 6-months (CSA) 

exposure time in the bulk diffusion test are shown in Fig. 6-7 and Table 6-5.  Since the diffusion depends on tempera-
ture, two sets of exposure temperature in 0.5M NaCl solution (at room temperature and the same as the curing tem-
perature) were analysed. The 20°C sample of LGCMKLS and the CSA exposed at 60°C cracked during the sample prepa-
ration. Therefore, these two samples could not be measured.  
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Fig. 6-7 Chloride penetration depth cured in a saturated condition for 28 days and exposed in 0.5M NaCl solution at (a) 
room temperature and (b) the same curing temperature of the investigated systems for 9 months for the PC system 

and 6 months for the CSA system.  

 

Fig. 6-7 shows the chloride penetration depth for the systems tested at room temperature (Fig. 6-7a) and at the same 
curing temperature (Fig. 6-7b). The samples are not all the same maximum length, therefore the maximum depth 
considered here is 50 mm. In certain cases, the chloride penetrates through the samples. The blended systems are 
generally good resistance to chloride (low penetration depth). The LGC and CSA systems have much more chloride 
penetration. Temperature of the testing seems to have hardly differences for the blended systems. There is a lot of 
variation between the two sets of the experiment on the LGC system, but particularly in the CSA system. In the CSA 
system, it is clear that part of this variation was the tendency for cracking. For example, Fig. 6-8 shows the CSA sample 
cured and exposed at 60°C which has cracking and big heterogeneity. Even though chloride has penetrated through 
the sample, there are still some big areas where there is no chloride (the brown area). There is no visual crack in the 
other specimens. 

 

 

Fig. 6-8 The crack samples of the CSA system cured and exposed at 60°C after applied AgNO3 on the surface of the 
sample. The area without chloride can be observed in some parts. 
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Table 6-5 Chloride penetration depth in the bulk diffusion test of the investigated systems 

Curing tempe-
rature 

Exposure tem-
perature 

Exposure 
time (m) Systems 

Average 
penetration 
depth (mm) 

Standard 
deviation 

Max length 
(mm) 

5°C 5°C 9 LGC 22.7 1.3 57.0 
 9 LGCMK 14.4 0.4 60.0 
 9 LGCMKLS 1.5 0.2 59.0 
    6 CSA 3.52 0.6 48.0 

5°C 20°C 9 LGC 51.4 0.4 56.8 
 9 LGCMK 6.9 1.3 60.0 
 9 LGCMKLS 1.5 0.4 54.5 
    6 CSA 4.8 1.1 55.0 

20°C 20°C 9 LGC 29.1 2.4 58.0 
 9 LGCMK 6.1 1.0 59.0 
 9 LGCMKLS n.d. n.d. n.d. 
    6 CSA 51.9 0.5 51.9 

40°C 40°C 9 LGC 57 0.0 57.0 
 9 LGCMK 4.4 1.0 57.3 
 9 LGCMKLS 2.8 0.2 59.0 
    6 CSA 6.6 0.5 56.0 

40°C 20°C 9 LGC 31.2 1.5 57.0 
 9 LGCMK 3.6 0.4 56.3 
 9 LGCMKLS 2.7 0.4 58.0 
    6 CSA 50.3 4.3 54.0 

60°C 60°C 9 LGC 56.9 0.7 58.0 
 9 LGCMK 6.5 0.6 60.0 
 9 LGCMKLS 4.9 1.8 57.0 
    6 CSA n.d. n.d. n.d. 

60°C 20°C 9 LGC 57.8 0.3 57.8 
 9 LGCMK 3 0.1 60.3 
 9 LGCMKLS 3.5 2.6 52.5 
    6 CSA 52.9 0.1 52.9 

n.d. = not determined as cracked during sample preparation  
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6.3.2 Effective diffusion coefficient (Deff) 
The mini-migration method from [12] was applied in this study. It is a quasi-steady state electromigration 

method to measure the effective diffusion coefficient [12] calculated from the flux of chloride species according to 
Equation 6-2. The Deff of the investigated systems cured at different temperatures with the same set up are compared.  

After curing the sample for 28 days of hydration in the saturated condition at different temperatures, the mini migra-
tion test was carried out at room temperature. The average of the two duplicates of each sample is reported in Fig. 
6-9. The presence of metakaolin in the blended systems significantly lowers Deff when compared to LGC, especially for 
the samples cured at 60°C. Two types of behaviour are observed in the CSA system. The Deff of the samples cured at 20 
and 40°C is in the range of LGC, while the Deff of the samples cured at 5 and 60°C are low similar to the blended sys-
tems. The significant scatter observed for the CSA system could be again related to the variation in the stable phases, 
in particular at 60°C (where monosulfate and C-S-H are dominant) compared to the mini-migration test carried out at 
room temperature where ettringite and strätlingite are stabilised, resulting in small cracks.  How the microstructure 
and the pore network are developed are important for the Deff. Temperature was found to have a higher influence on 
the microstructure of the CSA system than the LGCMK system as reported in Chapter 5. 

 

 

Fig. 6-9 Effective diffusion coefficient of the investigated systems cured in the saturated condition at 5, 20, 40 and 
60°C for 28 days of hydration. The test was carried out at room temperature for all the sample. 

 6.3.3 Effective conductivity (eff) 
The effective conductivity was calculated from the bulk resistivity measurement. Fig. 6-10 illustrates the ef-

fective conductivity of the investigated systems cured at 5, 20, 40 and 60°C as a function of time. LGC shows a high 
range of effective conductivity at all temperatures compared to the higher alumina systems. The effective conductivity 
of LGC is in a similar range at all temperatures. Only the 40°C sample shows an increase of effective conductivity with 
time, while the 5 and 20°C sample show a decrease with time which could correspond to ongoing hydration in these 
samples. In the presence of metakaolin, the effective conductivity shows a dramatic drop after 7 days of hydration at 
5°C, while the effective conductivity of the blended systems cured at 20°C decreases slightly after 7 days. The samples 
cured at 40 and 60°C present a very low range of effective conductivity over time compared to the other systems. A 
similar trend can be observed in the CSA system. However, the effective conductivity of CSA is slightly higher (almost 
double) than the LGCMK system at late age.  
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Fig. 6-10 Effective conductivity of (a) LGC, (b) LGCMK, (c) LGCMKLS and (d) CSA cured at 5, 20, 40 and 60°C as a func-
tion of time. 

 6.3.4 Electrical conductivity and ion concentrations of pore solution  
Pore solutions of the investigated systems cured at different temperatures were analysed at 90 days of hy-

dration. Number of ions in the pore solution controls the conductivity. It is dominated by the OH- ions as shown in Fig. 
6-11. In general, pore solution conductivity has a linear correlation to the OH- concentration. A slight shift from the 
trend can be observed at 60°C due to the higher sulfate concentration, which is due to the higher solubility of ettring-
ite at this temperature (see Chapter 5). Therefore, the pore solution conductivity can be roughly estimated from the 
OH- concentration. 
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Fig. 6-11 Pore solution conductivity (0) as a function of OH- concentration of pore solution. 

 

Fig. 6-12 shows that the electrical conductivity of pore solution in LGC is higher than the higher alumina systems. This 
indicates that the LGC system has more conductive ions such as alkalis (Na and K) and hydroxide (OH-) in the pore 
solution when compared to the higher alumina systems. The alkalis in the PC systems come mainly from the LGC ce-
ment. A small amount of alkalis is also found in metakaolin (Table 6-1). For the blended systems, the electrical conduc-
tivity of pore solution in LGCMKLS is slightly lower than LGCMK due to lower cement content in LGCMKLS. The differ-
ence between LGCMK and LGCMKLS is higher at low temperature. CSA shows the lowest range of electrical conductiv-
ity of pore solution. When temperature is increased, the electrical conductivity of the pore solution of the LGC system 
is decreased, significantly at 60°C. The higher alumina systems show the decrease of electrical conductivity of pore 
solution up to 40°C. It is slightly increased at 60°C.  

The concentration of OH- in pore solution as a function of temperature is plotted in Fig. 6-12b. The OH- concentration 
is decreased when the temperature is increased, more significantly in the LGC system. CSA has much lower OH- con-
centration than the PC system leading to low effective conductivity and electrical conductivity of pore solution by 
default. For the LGC system, a strong decrease of OH- at 60°C may relate to sulfate release due to destabilization of 
ettringite.  
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Fig. 6-12 (a) Electrical conductivity and (b) OH- concentration of pore solution of LGC, LGCMK, LGCMKLS and CSA cured 
at different temperatures. 

 

Table 6-6 shows the measured ion concentrations of pore solution cured at different temperatures at 90 days of hy-
dration. In LGC, the alkali ion concentrations (Na, K) in pore solution are slightly increased at elevated temperature. 
The higher alumina systems show a decrease in alkalis concentration in the pore solution when temperature is in-
creased up to 40°C, but it is slightly increased at 60°C. This could potentially be related to the presence of more C-S-H, 
the main alkali binding phase [18], due to a higher MK reaction at higher temperature shown in Chapter 3. In contrast 
to the alkali concentrations, the OH- concentrations decrease in all systems with temperature as the sulfate and chlo-
ride concentrations increase with temperature. 

Due to impurities in the raw materials used, some chloride is present in all cements. In the higher alumina systems, 
the chloride and sulfate concentrations in the pore solution before exposure are increased with increasing tempera-
ture indicating a destabilisation of Friedel’s salt at higher temperature. In fact, the solubility of Friedel’s salt (and 
ettringite) increases with temperature, while the solubility of monosulfate remains rather constant [6,19], such that 
less Friedel’s salt and ettringite but more monosulfate is present at higher temperature (see Chapter 3 and 4). As a 
result, more chloride and sulfate are present in the pore solution at higher temperature. Friedel’s salt is better stabi-
lized in the system containing high calcium [7], thus lower chloride concentrations are observed in the LGC system.  
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Table 6-6 The ion concentrations in the pore solution of the PC and CSA systems cured at 5,20, 40 and 60°C at 90 days. 
OH- was estimated by charge balance. 

Sample Temp 
(°C) 

Ion concentrations (mmol/l) 

Na K Ca Cl SO4 OH- 

LGC 5 118.1 289.8 2.0 0.1 1.0 409.7 
 20 124.1 281.0 1.8 0.1 2.6 403.5 
 40 128.2 270.8 1.8 0.1 16.3 369.8 
 60 136.1 278.7 3.5 0.1 99.4 222.8 
    

LGCMK 5 67.4 109.0 1.3 0.1 0.2 177.0 

 20 60.5 82.5 1.3 0.2 0.7 142.7 

 40 42.7 60.3 1.0 2.3 6.1 89.3 

 60 57.7 84.8 2.8 4.4 36.3 70.8 
    

LGCMKLS 5 45.4 65.4 1.3 0.0 0.3 111.3 

 20 41.0 53.1 1.1 0.1 0.4 93.6 

 40 34.3 43.5 1.0 1.8 3.0 70.4 

 60 46.5 64.5 1.0 3.8 25.9 56.6 
    

CSA 5 37.4 0.6 7.1 0.7 0.1 51.1 

 20 33.0 0.8 1.1 4.7 3.2 19.7 

 40 27.4 0.2 0.8 4.8 1.7 16.4 
  60 32.1 0.2 0.8 5.0 3.4 15.9 

 

6.3.5 Formation factor and tortuosity 
To be able to decouple the effects of pore solution and pore structure, the formation factor was calculated 

[20]. The formation factor (F) is defined as the resistivity of bulk (b) cement paste divided by the resistivity of the 
pore solution (0) [20]. The resistivity is the inverse, 1/, of the conductivity ().  

 

Equation 6-4:     𝐹 =  ఘ್ఘబ 

 

This formation factor normalizes the influence of the pore solution on chloride transport. It was originally developed 
to represent only the geometrical constraints of pore networks in rocks. By assuming that the effect of the geomet-
rical constraints and the pore solution are independent, the following can be assumed: 

 

Equation 6-5:     
஽೐೑೑஽బ =  ఙ೐೑೑ఙబ  

 

where D0 represents the diffusion coefficient in the pore solution. It can be written as 
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Equation 6-6:     𝐷௘௙௙ =  ஽బி  

 

The inverse formation factor can therefore be directly related to the diffusion coefficient.  

The blended systems have low inverse formation factors, especially at high temperature, see Fig. 6-13, while LGC and 
CSA present higher inverse formation factors, such that a high effective diffusivity can be expected for these two sys-
tems.  

 

The formation factor (F), is the “tortuosity” () normalised by the porosity () [12]: 

 

Equation 6-7:    𝐹 ≡  ఘ್ఘబ =  ఙబఙ೐೑೑ ≅  ఛథ 

 

The “tortuosity” is considered to represent the geometrical constraint of the pore network on the diffusion path. 
However, its physical interpretation is difficult for non-trivial pore networks [12]. As a first approximation, it can be 
viewed as a multiplication factor, encompassing all other interactions between the pore solution and the solid. The 
porosity in this study is taken from the MIP porosity, which is used to measure the connected paths for transport 
property (in dried samples).  Fig. 6-14 illustrates that the blended systems have higher tortuosity (hence lower esti-
mated diffusivities) than the LGC and CSA systems. These increase as a function of temperature. Even though the 
blended systems have a low electrical conductivity of pore solution at 90 days, the difference of this factor between 
LGC and the blended systems is only 2-3 times, but the bulk conductivity of the blended system is lower than the LGC 
system by approximately 5 times. It means that the pore structure and its surface are the major factors governing the 
effective conductivity. From the MIP result in Chapter 5, the total porosity increases with temperature, but the “tor-
tuosity” is also increased. Thus, the tortuosity of the blended system is a more important factor that lowers the effec-
tive conductivity.  

 

 

Fig. 6-13 (a) Formation factor and (b) inverse formation factor calculated by conductivity. 
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Fig. 6-14 Tortuosity (defined by Equation 6-7) of the investigated systems at different temperatures. 

 6.4 Discussion 
The comparison of the higher alumina systems shows that the metakaolin blends have good chloride re-

sistance compared to LGC and CSA, based on the penetration depth, mini migration and electrical conductivity. CSA 
provides some inconsistent data between the experiments compared to the PC based system, for example the pene-
tration depth measurement can be good, as well as the diffusion coefficient measurement by mini-migration. Howev-
er, the results of CSA vary dramatically with the temperature, and the presence of cracks. Therefore, some correla-
tions of different parameters were explored to be able to discover the relationship between microstructure and prop-
erties and have a better understanding on the chloride ingress of different types of cement. 

 6.4.1 Role of OH- concentrations in the sample 
CSA has a lower pH (~12 at 23°C) than the PC based systems (> 12.5 mainly due to their high alkali content). 

This effect is especially distinct here because of the use of laboratory prepared clinker with no added alkali. The con-
centration of OH- ions has a particularly strong effect on the high electrical conductivity.  

For the bulk diffusion experiment, the samples were cured under conditions saturated with pore solution. Therefore, 
the effective conductivity of the CSA is low by default (see Fig. 6-10). To be able to evaluate the CSA system in a similar 
pH range to the PC system, a CSA sample was cast with the w/b ratio of 0.6 at 20°C, then cured in 0.3M NaOH solution 
after the first day of hydration. The effective conductivity was measured at 28 days of hydration. The effect of OH- ion 
on the effective conductivity is shown in Fig. 6-15 for the CSA system. The effective conductivity is dramatically in-
creased when the sample is cured in the NaOH solution. This indicates that the OH- concentration is an important 
factor for the effective conductivity measurement. The effective conductivity is not a straightforward method to com-
pare the different systems when the pH or the OH- concentration is very different. Similar curing conditions can be 
used in different pH systems but the effect of alkali on phase assemblage and hydration of the lower pH system should 
be considered [21–23]. 
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Fig. 6-15 The increase of effective conductivity value of CSA cured in 0.3M NaOH compared to pore solution curing 
measured at 28 days. 

 

 6.4.2 Effective conductivity in metakaolin blended systems 
The effective conductivity in the metakaolin blended systems show a drastic drop after 7 days of hydration 

at 5°C (see Fig. 6-10b and Fig. 6-10c). This probably corresponds to the metakaolin reaction. Moreover, the reaction 
degree of metakaolin increases with increasing temperature. The low effective conductivity at high temperature is 
probably related to the metakaolin contribution that may reduce critical pore entry as discussed in Chapter 5. Further 
investigation on metakaolin reaction and microstructure is needed to better understand the contribution of me-
takaolin to the transport properties [12,24]. 

 6.4.3 Relationship between effective conductivity and Deff 
Conductivity and diffusion are both related to the mobility of ions in the pore structure. The relationship 

between these two parameters are plotted shown in Fig. 6-16. W. Wilson et al. found a general relationship of the 
effective conductivity and the Deff when the curing temperature was carried out at 20°C [12]. In this study, different 
curing temperatures were applied for 28 days and the mini-migration experiment was carried out at room tempera-
ture. Therefore, many parameters such as hydration kinetics, phase assemblages and microstructure development 
have to be considered because the hydration continues during the 14 days of the mini-migration experiment. The 
hydration of the sample cured at high or low temperature might follow a different hydration path during the mini 
migration at room temperature. From Fig. 6-16, three groups of the relationship can be observed: 1) the group of LGC 
shows high effective conductivity and high Deff, 2) the blended systems have low diffusivity which tends to have good 
chloride resistance, in agreement with [7] and 3) the group of CSA all show a low effective conductivity but high Deff as 
the measurements were carried out in the different conditions. In the effective conductivity measurement, the sam-
ples were measured in the pore solution curing which has low OH- concentration. For the mini migration experiment, 
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the samples were immersed in high OH- concentration (0.3M NaOH). In fact, the value of the effective conductivity of 
the CSA sample cured in 0.3M NaOH (the empty green diamond) is shifted towards higher effective conductivity. 
There is a general trend, however, there is not a clear relationship between the effective conductivity and the Deff 
when the effect of temperature is involved.  

 

 

Fig. 6-16 The relationship between the effective conductivity and the effective diffusion coefficient, Deff, from the mini 
migration test of the investigated systems at 28 days. 

 6.4.4 Relationship between effective conductivity at 180 days, Deff at 28 days and chloride penetration depth  
The effective conductivity samples were cured at different temperatures; hence they can be compared to 

the chloride penetration depths obtained from the samples exposed at different temperatures to compare similar 
microstructures. The relationship between effective conductivity after 180 days and the chloride penetration depth is 
shown in Fig. 6-17a. In the plot, the samples in the range of maximum length for penetration depth experiment are 
marked by a grey box. There are some correlations in the PC based systems between these two factors but there is a 
large scatter probably due to the low precision of chloride penetration depth measurement.  No clear trends can be 
observed for the CSA cements. 

Since the mini migration test was carried out at room temperature, the chloride penetration depth exposed at room 
temperature data are used for the comparison. Fig. 6-17b illustrates the relationship between Deff and the chloride 
penetration depth. The data points in the max length region are not considered. From Fig. 6-17b, there is a correlation 
between the Deff and the penetration depth which looks clearer than the relation between the effective conductivity 
and the penetration depth presented in Fig. 6-17a but the data points are quite scattered. Therefore, the Deff can be 
used as a rough indicator of the real exposure condition at similar exposure temperature. However, due to the scarcity 
of the data, this relationship is ensured for the CSA system. It needs to be investigated more on samples more re-
sistant to cracking. 
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Fig. 6-17 Relationship between (a) the penetration depth (9 months for the PC systems, 6 months for the CSA system) 
exposed at different temperature and the effective conductivity at 180d and (b) the penetration depth and the effec-

tive diffusion coefficient (Deff) exposed at room temperature of the investigated systems. 
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6.5 Conclusions 
The transport properties and chloride ingress in cement paste in different types of binders were investigat-

ed by effective conductivity measurement, mini migration test and the bulk diffusion methods at different curing 
temperatures. In this study, the relationships between bulk diffusion result, chloride ingress result and the microstruc-
ture features were explored. The main conclusions are summarized as follows:  

 

 From bulk diffusion experiment, the higher alumina system shows good chloride ingress resistance when the 
temperature is kept constant, probably because they have a higher binding capacity due to the presence of 
more AFm phases. In those cases, where the samples were initially hydrated at 5, 40 or 60°C, but bulk diffu-
sion was measured at room temperature, much higher chloride ingress was observed for the CSA systems, 
which could be related to phase changes and cracking. Further investigation is needed. The dimension stabil-
ity of the CSA system should be optimized to avoid cracking during a long duration of testing. 
 

 Temperature does not have a strong influence on the performance of metakaolin blended systems. However, 
a lot of variation is observed in LGC and, particularly in CSA which could be due to the cracking. 
 

 Higher chloride concentrations in the pore solution at high temperature in the higher alumina systems is ob-
served due to a higher solubility of Friedel’s salt at high temperature. Therefore, low chloride resistance at 
high temperature could be related to the two factors: higher diffusivity and lower chloride binding capacity. 

 

 The mini migration method can be used as a rough indicator on the chloride resistance, however, it is not 
well adapted to low pH clinker. The effective conductivity can be used to compare across the system which 
has a similar range of pH as effective conductivity depends strongly on the ionic strength and, especially on 
OH- which is a good charge carrier. To be able to compare between the different types of binder, it is more 
representative to use the bulk diffusion method, but the binders have to be resistant to shrinkage and expan-
sion. 

 

 To be able to relate the effective conductivity and the effective chloride diffusion coefficient (Deff), the curing 
conditions of the effective conductivity and the solution that use in the mini migration test should be similar, 
indicating that the mini migration setup for low pH range needs to be further refined (see Appendix 6C). 

 

 The change of the temperature between the curing and the mini migration experiment complicates the de-
coupling of the parameters. Since the mini migration test is not instantaneous, the hydration continues at a 
different temperature than the curing state, leading to changes in phase assemblages and microstructure and 
possibly cracking. The PC based system has a slower phase evolution after 28 days. In the CSA system, a sig-
nificant change on phase assemblage is observed after 28 days due to the late reaction of belite. Therefore, 
the test should be carried out when the phase is stable. In the case of CSA, the phase assemblage is stable at 
a much later age, probably at 180 days of hydration. Hence, the mini migration method at 28 days can only 
be a rough estimation. 
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6.7 Appendix 
Appendix 6-A: Current curves from mini migration test 

From Fig. 6-18a, although the applied voltage is similar in LGC, the current curves show different character-
istics. The specimen cured at 20°C does not show an increase of the current, while the specimens cured at the other 
temperatures show the increase of the current which can identify the flow of chloride through the sample. The speci-
men cured at 60°C has the shortest constant migration regime indicating the higher flow of chloride. For blended 
systems, the increase of applied voltage at 60°C causes the higher flow of chloride, extremely in the LGCMKLS system. 
CSA shows the high flow of chloride in the samples cured at 20 and 40°C in one day even if the applied voltage is lower 
than the sample cured at 5 and 60°C.  

In the case of the blended system, the flow of chloride at high temperature curing is high due to the high voltage ap-
plied. This indicates that the applied voltage should be slightly lower to be able to decelerate the flow of chloride and 
gradually obtain increasing chloride in the downstream reservoir. 

 

 

Fig. 6-18 Current curves during the mini migration test of (a) LGC, (b) LGCMK, (c) LGCMKLS and (d) CSA systems with 
two duplicates cured in the saturated condition for 28 days. 
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Appendix 6-B: Phase assemblages of CSA curing in a 0.3M NaOH solution 

Fig. 6-19 shows the comparison of CSA phase assemblages at 28 days of hydration between pore solution 
curing and 0.3M NaOH curing. The result illustrates that high pH can slightly accelerate the reaction of ye’elimite [Og-
awa and Roy (1982), F. Winnefeld (2010)]. However, the phases are the same but their content are slightly different 
between the two curing conditions. 

 

 

Fig. 6-19 Phase assemblages of CSA at 28 days of hydration compared between pore solution curing and 0.3M NaOH 
curing determined from XRD-Rietveld. 

 

Appendix 6-C: Preliminary study of mini migration for CSA 

The mini migration method uses a 0.3M NaOH solution in the downstream reservoir for the PC system 
which is quite similar to the pH in the pore solution. Therefore, the 0.3M NaOH solution can prevent leaching. Howev-
er, CSA has lower pH compared to the PC system. The preliminary test of a mini migration experiment on the CSA 
system cured at 20°C using a low pH solution compared to a 0.3M NaOH solution was carried out. The solutions, pH 
and the applied voltage used in the preliminary test are shown in Table 6-7. The first solution is used as a reference 
which is the same as the PC system experiment. The second solution is corresponding to the low pH solution that is in 
the range of the pH in CSA. The last solution is the low pH solution with some ions for preventing the leaching of alu-
minate hydrates during the test. The applied voltage was set according to the range of the current between 5 – 20 
mA, preferable around 15 mA. The mini migration test was carried out at the room temperature (~25°C).  
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Table 6-7 Parameters used in the preliminary study 

  Solution 1 Solution 2 Solution 3 

Downstream solution 0.3M NaOH 0.025M NaOH 0.025M NaOH + 0.01M Al2(SO4)3 

pH 13.5 12.5 12.3 

Applied voltage 3 3.5 3.5 
 

The surfaces facing upstream solution and downstream solution are shown in Fig. 6-20. A clean surface is observed 
only in the sample exposed in the reference solution. The surface facing downstream solution of the sample exposed 
in solution 2 and 3 were covered with a gel-like layer. When these samples are dried, it is clearly seen the damage of 
the sample facing downstream. This is probably due to the electro chemistry in a low ion concentration regime. 
Moreover, the color of the solution 2 and 3 becomes yellow after 1 day of the test with a strong smell of bleach, indi-
cating the formation of the chlorine gas at the downstream electrode.  

 

 

Fig. 6-20 The appearance of the up and down sample surface exposed in (a) 0.3M NaOH, (b) 0.025M NaOH and (c) 
0.025M NaOH + 0.01 Al2(SO4)3 after mini migration test. 
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Fig. 6-21 The damage of the down surface when the solution 2 and 3 are used. 

 

Furthermore, the current during the mini migration test was monitored shown in Fig. 6-22. The result shows that very 
fast ion transport occurs in the low pH solution (Fig. 6-22b) when compared to the reference (Fig. 6-22a). It cannot 
indicate the constant migration regime from the current curve of the low pH solution. Therefore, 0.3M NaOH solution 
was chosen to be used in the real mini migration test. Further investigation is needed to use compatible conditions 
with the CSA pore solution in the mini-migration setup.  

 

 

Fig. 6-22 Comparison of current monitored during the mini migration test: (a) 0.3M NaOH and (b) 0.025M NaOH. 
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In this study, binders with similar chemical composition were studied to explore the impact of the reactive 
phases and temperature on the hydrated phase assemblage, microstructure and properties. 7.1 Accuracy of thermodynamic modelling 

Temperature has a major impact particularly on the aluminate phases. For example, ettringite and strätlin-
gite are less stable at high temperature and various types of AFm are formed at different temperatures. Thermody-
namic modelling is a good tool to predict the phase assemblages in the equilibrium state in the practical curing tem-
perature range (5 to 60°C). Compared to experimental observations, the qualitative prediction is quite good but the 
quantitative prediction relies on the several factors. 

o Thermodynamic modelling depends first on the accurate determination of the reacted phases as input, which 
determines the amounts of oxides available in the system. Measuring this degree of reaction is particularly 
challenging for metakaolin. Metakaolin is an amorphous phase which cannot be quantified by common tech-
niques but it is important to use the degree of reaction of metakaolin as an input. 29Si-NMR was used in this 
study with satisfactory results. The reactivity of metakaolin can be determined by portlandite consumption, 
combined with mass balance, but less accurate and precise with an approximate error of 20% of degree of 
reaction. This error comes from the accumulation from multiple techniques. 
 

o At present the thermodynamic models cannot well predict the composition of the C-(A)-S-H phase, especially 
with respect to the incorporation of aluminium. Therefore, good thermodynamic prediction requires an input 
of the experimental composition of the C-S-H. As it is a major phase, even if the composition varies by a small 
amount, the impact on the prediction is large. However, it is quite difficult to determine the C-A-S-H composi-
tion precisely due to the scatter in the analyses due to intermixing.  This is especially the case at the higher 
temperatures studied.   

 

The phases that are difficult to detect by common techniques such as XRD, TGA and SEM could be identified by the 
new tool, edxia. It helps us to verify the presence of the phase in the microstructure such as strätlingite and C-S-H in 
CSA. The incorporation of minor elements in the hydrated phases can also be identified resulting in data on solid solu-
tion that can be later improved the thermodynamic database. 

The co-existence of portlandite and strätlingite was observed in the blended system in non-equilibrium state because 
of the dense microstructure which may hinder ion transport. 

To be able to improve the thermodynamic database, the solubility of some phases such as strätlingite, hydrotalcite 
and siliceous hydrogarnet needs to be verified as a function of temperature. The result from this study indicates that 
iron can possibly be in the strätlingite and C-S-H in higher alumina systems. This needs further investigations on both 
synthetic and real systems. Comparison with experiment, indicates that the stability of hemicarbonate and monocar-
bonate in thermodynamic modelling may be overestimated. Further study is needed to improve the thermodynamic 
data. 

 7.2 Portland cement systems 
The reference Portland cement results shows that the temperature not only affects the phase formation 

but also the microstructure. It becomes much more heterogeneous at high temperature, with large voids, which have 
some negative impact on compressive strength, but a much larger negative impact on transport properties. 
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The blended systems have a more homogeneous microstructure even at high temperature. Therefore, the impact of 
temperature on transport properties is lower. On the negative side, the blended systems seem to inhibit the reaction 
of belite which may lower the compressive strength even though metakaolin reaction also contributes to the com-
pressive strength. However, this study confirmed that they have a really good performance in terms of resistance to 
chloride ingress. The mini-migration test is a good method to get a rapid estimation of the resistance to chloride. Also, 
the effective conductivity which is a simple measurement can be used as a good indicator. The improvement of chlo-
ride resistance is often attributed to the “formation factor” or “tortuosity” but the high value of these parameters 
indicates more than a simple change in the pore geometry is involved.  

In general, the strength of Portland cement-based systems correlates well with the combined water fraction, although 
there are some deviations in the blended systems, with different temperatures. Some global relations between the 
strength and porosity is also observed. 

It is important to study the hydration and microstructure together with the cement properties because it provides a 
better understanding of the difference in properties. Higher alumina system shows a very good performance with 
respect to chloride resistance but slightly lower compressive strength compared to the Portland cement. Therefore, 
more information of the degree of reaction of metakaolin, the microstructure evolution and pore solution at different 
ages should be investigated to obtain a complete view.  

 7.3 Calcium sulfoaluminate system 
The CSA system in this study has a similar chemical composition as the OPC blended system, but the final 

phase assemblages and microstructure are different. The main reason is the low reactivity of belite. This system is still 
evolving at late age, leading to the change between 90 and 180 days due to the late belite reaction. The reactivity of 
CSA is more sensitive to the temperature than the PC system. The hydrate phases formed are ettringite, monosulfate, 
strätlingite, aluminium hydroxide and C-S-H. Before the formation of C-S-H, the samples have a very open microstruc-
ture which does not perform well with respect to chloride ingress. Once the C-S-H starts forming, it reduces the pore 
entry radius. Hence, a better performance is seen with respect to chloride ingress but only at late ages. The bulk diffu-
sion test can be a good method to compare the resistance of chloride ingress of different binders when the system 
has no cracks. The effective conductivity is not recommended to compare the systems that have different ranges of 
pH.   

The overall strength of CSA is lower than the PC system. The contribution of C-S-H formation to the strength is lower 
than expected.  The combined water fraction does not appear to relate well to the strength in this case. The strength 
seems to be limited at a late age. 

 

Perspectives: 

CSA could be investigated in more detail. The laboratory prepared clinker takes a lot of time to prepare the 
required materials for the whole study. However, it is a compromise to more easily compare the systems. It removed 
some components of a normal commercial CSA cement such as alkalis and iron. Better performance may be obtained 
from a properly optimized commercial CSA cement. In particular, better particle distribution, and admixtures might 
lead to a better microstructure. However, the approach of this study was useful to better understand the chemistry, 
and the phase assemblages of CSA cements. 
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The real mechanisms that govern belite reaction in CSA still need further investigations to prove whether it is because 
of the depletion of amorphous aluminium containing phase (AH3 and CAH10) or other factors. In particular, the pore 
solution concentrations as a function of time are required.  

In addition, the hydration still continues after 90 days. The investigation of the durability test should be carried out at 
later ages to analyse the long-term performance. Some researchers have used boron to accelerate the belite reaction 
and obtain better performance earlier. However, this has an important impact on cost. The mini-migration setup for 
the CSA system should be modified either by adding some alkalis to the binder to be equivalent to the blended sys-
tems (and real CSA systems), or by adapting the setup. To be able to compare the effective conductivity to the effec-
tive diffusion coefficient (Deff), curing conditions between experiments should be similar. 

For the durability test, the CSA system should be studied in mortar level to avoid cracks for a long curing experiment. 
The dimensional stability of CSA under realistic curing temperatures should be studied to understand the cracks de-
velopment and how they relate to the durability properties, especially at high temperature. The mini migration test 
may not be practical when the temperature is changed because the hydration still carries on during the test but at 
different than the curing state.  

 7.4 CO2 emissions  
A comparison of CO2 emission from the chemical composition of the investigated system in this study is 

shown in Table 7-1. The calculation is based on the stoichiometric clinker phases composed of Ca from Gartner’s work 
[1]. The energy demand for the production of the clinker is not included in this calculation. The CO2 emission of the 
higher alumina systems can be lower than the reference Portland cement by more than 20%, and more than 30% in 
the ternary blends. Because of the high belite content, the CSA system is similar to the LGCMK. 

In Fig. 7-1, the chemical CO2 emissions are normalized by the strength. This indicates that the blended systems have 
lower CO2 emission per unit strength. Fig. 7-2 shows the strength normalized by the CO2 emission at different temper-
atures as a function of time. It determines that the blended systems gain higher compressive strength per unit of CO2 
emission compared to Portland cement and CSA when metakaolin starts to react. On the other hand, this comparison 
does not indicate any environmental benefit of CSA. Of course, for a more complete analysis it would be necessary to 
also take into account the CO2 emission associated with firing and grinding. 

 

Table 7-1 CO2 emission and % CO2 reduction of the investigated system considering only the chemical contribution to 
CO2 emission. 

  LGC LGCMK LGCMKLS CSA 

CO2 emission  
(kg/t clinker)   494 387 336 381 

% CO2 reduction Reference 22 32 23 
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Fig. 7-1 Comparison of the raw materials CO2 emission to the production of stoichiometric phases as given in [1] to the 
compressive strength at 90 days. 

 

Fig. 7-2 Comparison of the raw materials CO2 emission of the investigated systems according to the production of 
stoichiometric phases as given in [1] to the compressive strength at different temperatures. 

 

Overall, the work presented here seems to indicate clear advantages of the PC blended systems, particularly the ter-
nary blend with limestone. CO2 emissions per unit strength are clearly lower and the transport properties with respect 
to chloride ingress much improved. In addition, the raw materials are abundant and widely distributed geographically 
as opposed to the comparative rarity and higher cost of minerals with Al2O3 >> SiO2 needed to produce CSA.
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Appendix A: Belite and ye’elimite clinker 
 

The initial goal of this part was to synthesize belite clinker and ye’elimite clinker separately. Ye’elimite syn-
thesis was accomplished. However, belite synthesis could not be reproduced on a large scale. The detail of the labora-
tory prepared betlie and ye’elimite is described in this part. 

 

Belite clinker 

The target of the composition of belite was -belite > 90%, Rankinite < 5%, no alite, and no free lime. The raw meal 
was prepared by cylinder method. Belite clinker was synthesized in a static furnace at 1380°C with a heating rate of 
7°C/min for 2 hours. -belite content reached the target with a small amount of -belite and alite. Therefore, the 
second attempt was trying to reduce alite content in the clinker by lowering sintering temperature to 1300°C and 
changing stabilizers. However, it was not successful. High -belite content was observed with variations between 
batches. Many attempts were carried out by changing some parameters e.g. stabilizer, C/S, sintering temperature, 
cooling method but the clinker still contains high high -belite content. A comparison between high -belite and high 
-belite is shown in  

 

 

Figure 1 A visual comparison between high-belite and high -belite. 

 

The reactivity of high-belite was investigated by isothermal calorimetry at 20°C. The microstructure of hydrated high 
-belite was analyzed by SEM. From Figure 1, no reaction was observed during 96 hours of hydration at 20°C. No 
hydration products are detected after 28 days of hydration.  
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Figure 2 (a) The reaction of high -belite and (b) the microstructure at 28 days of hydration cured at 20°C.  

 

Ye’elimite clinker 

The raw meal of ye’elimite was prepared by HeidelbergCement Technology. High purity clinker synthesis in 
lab scale generally uses pressing disc, nodulizing method or compacted materials in the crucible, where only a relative-
ly low amount of clinker can be produced at once. The cylinder method was also applied to compare the quality of 
ye’elimite clinker prepared by pressing disc method (in Figure 3) and cylinder method (in Figure 4) using the same 
heating profile and the same furnace for the synthesis.  

 

 

Figure 3 Pressing disc method 
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Figure 4 Cylinder method 

 

For the cylinder method clinker, the composition of the clinker was analysed from different parts of the clinker (top, 
middle and bottom). Figure 5 shows similar major phase content between the two methods, but it shows slightly dif-
ferent content for the minor phases. 

 

 

Figure 5 The composition of ye’elimite clinker (a) major phases and (b) minor phases from different parts of the cylin-
der. 

 

The average phase content between the two methods is shown in Figure 6. It illustrates that there is no effect of two 
different raw meal preparations on the phase composition of ye’elimite clinker. Therefore, the cylinder method can be 
applied to have higher productivity without changing the phase composition. 
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Figure 6 The average phase content of ye’elimite clinker prepared with the disc method and the cylinder method. 

 

The clinker prepared by the cylinder method was characterized by the structure of ye’elimite (orthorhombic) by 27Al 
NMR.  The spectra acquired at 9.4T with a spinning frequency of 20.0 kHz. Figure 7 shows that there are no significant 
differences between the middle and the bottom parts of the cylinder and less ordered crystallinity compared to the 
pure orthorhombic ye’elimite. 

 

 

Figure 7 Structure of ye’elimite of the clinker prepared by cylinder method compared to a pure orthorhombic 
ye’elimite analysed by 27Al NMR. 

 

The reactivity between these two methods of preparation was investigated, as shown in Figure 8. The ye’elimite pre-
pared by disc method has a slightly slower reaction than the cylinder method, probably due to the coarser particles. 
The raw meal prepared by the cylinder method is well homogenized and the partilel size is also slightly reduced. 
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Figure 8 Reactivity of ye’elimite between the two methods 

 

In summary, the cylinder method can be used for ye’elimite synthesis, but the top part of the clinker cylinder contains 
slightly higher minor phases. The reactivity between the two protocols is quite similar. From 27Al MAS NMR, the 
ye’elimite from cylinder method is homogenized but it has less crystallinity compared to the synthetic pure ortho-
rhombic ye’elimite. 
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  Appendix B: Effect of mayenite at 60°C 
 

According to Chapter 5, faster reaction was obtained at high temperature investigated by isothermal calo-
rimetry. The microstructure of CSA with mayenite at 60°C shows heterogeneous microstructure. The aim of this part is 
to investigate the effect of mayenite on CSA hydration and microstructure at 60°C.  

Figure 9a shows a slightly slower reaction of the sample without mayenite compared to the sample with mayenite. 
The cumulative heat of the sample without mayenite is slightly higher.  

 

 

Figure 9 A comparison of heat of hydration between with and without mayenite at 60°C (a) heat flow and (b) cumula-
tive heat. 

 

Phase assemblages at 7 and 28 days of hydration of CSA with and without mayenite cured at 60°C are shown in Figure 
10. At 7 days of hydration, the formation of hydrated phases is similar between with and without mayenite. Since 
mayenite can accelerate the reaction of ye’elimite, the remaining ye’elimite is higher when no mayenite is added in 
the CSA system. At 28 days of hydration, the ettringite content of the sample with mayenite is higher than the sample 
without mayenite. The microstructure of the sample with mayenite addition (in Figure 11) is more heterogeneous 
than the microstructure of the sample without mayenite, obviously seen at 28 days of hydration. Therefore, the reac-
tion of the CSA system with mayenite addition cured at 60 °C is accelerated, resulting in slight changes of phase as-
semblage at late age, especially ettringite and monosulfate causing, and causing an heterogeneous microstructure.  
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Figure 10 Comparison of phase assemblages between with and without mayenite cured at 60°C at 7 and 28 days of 

hydration: E = ettringite, CH = Portlandite, Ms = monosulfate, B = belite, Y = ye’elimite, AH3 = aluminium hydroxide. 

 

 

Figure 11 Microstructures of CSA with and without mayenite cured at 60°C at 7 and 28 days of hydration. 
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  Appendix C: EDS point analysis of C-(A)-S-H of the PC systems 

 

Figure 12 The ratio plots of Si/Ca and Al/Ca analysed by EDS point analysis of C-S-H composition of LGC at (a) 5°C, (b) 
20°C, (c) 40°C and (d) 60°C. 

 

 

Figure 13 The ratio plots of Si/Ca and Al/Ca analysed by EDS point analysis of C-S-H composition of LGCMK at (a) 5°C, 
(b) 20°C, (c) 40°C and (d) 60°C. 
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Figure 14 The ratio plots of Si/Ca and Al/Ca analysed by EDS point analysis of C-S-H composition of LGCMKLS at (a) 5°C, 
(b) 20°C, (c) 40°C and (d) 60°C. 
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  Appendix D: Activation energy (Ea) 
 

Activation energy (Ea) is the least amount of energy required to activate atoms or molecules to a state in 
which they can undergo a chemical reaction. From Arrhenius’s law, the relation to the activation energy and the rate 
of reaction indicates the sensitivity of the reaction rate to temperature. The cumulative heat in Chapter 5 of the PC 
systems was used for the Ea calculation by method of rates. Figure 15 shows that Ea can be calculated up to a certain 
point due to different competing reactions. Thus, it cannot be captured by Arrhenius’s law. However, the Ea of the 
silicate reaction is about 40 kJ/mol which is similar to literature. 

 

 

Figure 15 Activation energy (Ea) calculated by method of rates of LGC, LGCMK and LGCMKLS. 
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Appendix E: Bulk diffusion test – AgNO3 spraying – Chloride penetra-tion depth 
 Schematic of bulk diffusion test, AgNO3 spraying and chloride penetration depth are shown in Figure 16 - 

Figure 19. 

 

 

Figure 16 Step 1: Curing method for mini bulk diffusion test. 

 

 

Figure 17 Step 2: Sample preparation and hydration stoppage. 
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Figure 18 Step 3: Applying 0.1N AgNO3 spraying on the sample 

 

 

Figure 19 Investigated samples after applying AgNO3 for 1 hour: C = Curing temperature, E = Exposure temperature. 
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