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Cement minerals and hydration products of CAC

The common nomenclature for cement chemistry was used:

A = Al2O3 C = CaO H = H2O

S = SiO2 F = Fe2O3

Which leads to:

CA CaAl2O4 CaO·Al2O3 Krotite

CA2 CaAl4O7 CaO·2Al2O3 Grossite

CA6 CaAl12O19 CaO·6Al2O3 -

C12A7 Ca12Al14O33 12CaO·7Al2O3 Mayenite

C4AF Ca4Al2Fe2O10 4CaO·Al2O3·Fe2O3 -

C2AS Ca2Al2SiO7 2CaO·Al2O3·SiO2 Gehlenite

For the hydrate phases:

CAH10 Ca[Al(OH)4]26H2O CaO·Al2O3·10H2O -

C2AH8 Ca2[Al(OH)5]23H2O 2CaO·Al2O3·8H2O -

C2AH7.5 Ca2[Al(OH)5]22.5H2O 2CaO·Al2O3·7.5H2O -

C3AH6 Ca3[Al(OH)6]2 3CaO·Al2O3·6H2O Katoite

AH3 Al(OH)3 Al2O3·3H2O Gibbsite
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Abstract

Calcium aluminate cement (CAC) is used for a wide range of applications. Espe-

cially its high refractoriness, fast setting time and its chemical resistance makes

it unique not only for refractory applications but also for the construction in-

dustry. In standard CACs with 70-80 wt.-% Al2O3 content, the main hydraulic

reactive phases are monocalciumaluminate (CA or CaAl2O4) and monocalci-

um dialuminate (CA2 or CaAl4O7). Although CACs are used in different grades

since the 19th century, many aspects concerning the CAC hydration mechanisms

are still not completely solved. The aim of this work is to investigate CAC hy-

dration kinetics, especially of CA and the influence of its fineness on the early

hydration of CAC using a combination of isothermal heat flow calorimetry and

in-situ XRD.

Many studies and investigations are available concerning the hydration of CA

in CACs. As CA2 is known to show only weak hydraulic activity, the hydration

kinetics of CA2 were not of great interest and were often neglected for inves-

tigations concerning the hydration of CACs. In this work it is shown that the

hydration of CA2 begins as soon as the hydration rate of CA has reached its

maximum. Mixes of CA and CA2 were investigated and quantified by a combi-

nation of the classical Rietveld refinement and the G-factor method. Based on

the amounts of dissolved quantities of CA and CA2 heat flow calculations were

performed and compared with the measured heat flow values. A good consis-

tency between the calculated and the measured heat flow was obtained. It was

possible to clarify that the main reaction of CAC hydration is predominantly
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dominated by the hydration of CA but also that presence of CA2 has a very pro-

nounced influence on further CAC hydration.

Moreover it is shown that the fineness of the CA particles has a large impact on

the degree of hydration of CA where a decreasing size of CA particles increases

in the degree and the rate of hydration. The hydration of CA for different particle

size distributions was investigated with heat flow calorimetry and in-situ XRD.

For CA with mainly coarse particles (d50 = 50 µm) only a very low hydration

rate and degree of hydration was measured. Only 34 rel.-% of CA dissolved af-

ter a hydration time of 22 h. Whereas in a very fine CA-sample (d50 = 4 µm)

hydration starts delayed but then shows the highest hydration rate and a dissolu-

tion of 62 rel.-% CA. Simulations based on Gauss distribution curves were used

to determine the thickness of the reacted rim (1.3 µm) on the surfaces of the CA

particles. Further hydration of CA is hindered after the main reaction and not

hydrated CA remain in the hardened mixture. This phenomenon is explained by

a coverage of the CA particles with a dense hydrate layer of C2AHx and AHx.

With isothermal heat flow calorimetry it is shown that the induction period of

calcium aluminate cement (CAC) hydration is shortened by the addition of alu-

mina filler material with a high specific surface area. The specific surface area of

the alumina filler was shown to have a pronounced impact on the starting point

of the main hydraulic reaction and influences the setting time of CAC. Nuclea-

tion problems during the dormant period are indicated by negative heat flow

values occurring when alumina filler material with low specific surface area is

used. The surfaces available for heterogeneous nucleation will increase with the

presence of filler material with high specific surface area. This leads to a lower

energy barrier which has to be reached for the formation of stable nuclei. As a

consequence the formation of stable nuclei are resulting in a shift of the main

reaction to earlier times of hydration.
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Zusammenfassung

Calciumaluminatzement (CAZ) wird für eine Vielzahl von Anwendungen ver-

wendet. Aufgrund der guten Feuerfestbeständigkeit, dem schnellen Abbinden

und der Chemikalienbeständigkeit, ist CAZ nicht nur für Feuerfestanwendun-

gen sondern auch für die Bauindustrie von großem Interesse. Monocalciuma-

luminat (CA oder auch CaAl2O7) und Monocalciumdialuminat (CA2 oder auch

CaAl4O7) sind die hydraulisch aktiven Hauptkomponenten in einem CAZ mit

70-80 mass.-% Al2O3. Obwohl CAZ seit dem 19. Jahrhundert in vielen ver-

schieden Qualitäten hergestellt wird, sind noch einige Aspekte bezüglich der

Hydratation von CAZ ungeklärt. Mithilfe einer Kombination der isothermen

Wärmeflusskalorimetrie und der In-situ Röntgendiffraktometrie sollen in die-

ser Arbeit die Hydratation von CAZ, insbesondere die von CA und der Einfluss

der Partikelgröße von CA auf die frühe Hydratation von CAZ untersucht wer-

den.

Es wurden bereits viele Studien und Untersuchungen bezüglich der Hydrata-

tion von CA als Bestandteil des Calciumaluminatzementes durchgeführt. Da

CA2 nur eine geringe hydraulische Aktivität zeigt, waren die Untersuchungen

der Hydratationskinetik von CA2 bisher kaum von großem Interesse. In dieser

Arbeit konnte gezeigt werden, dass sobald die Hydaratationsrate von CA ihr

Maximum erreicht hat, die Hydratation von CA2 beginnt. Mithilfe einer Kom-

bination der klassischen Rietveld Verfeinerung und der G-Faktor Methode wur-

den CA und CA2 Mischungen untersucht und quantifiziert. Wärmeflussberech-

nungen auf Basis der gelösten CA und CA2 Anteile wurden mit den gemesse-
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nen Wärmeflüssen aus der Wärmeflusskalorimetrie verglichen. Die berechneten

Wärmeflüsse wiesen eine gute Übereinstimmung mit den gemessenen auf. Es

konnte deutlich gezeigt werden, dass die Hauptreaktion der CAZ Hydratation

zum großen Teil durch die Hydratation von CA bestimmt wird und dass die An-

wesenheit von CA2 einen starken Einfluss auf den weiteren Verlauf der CAZ

Hydratation hat.

Des Weiteren konnte nachgewiesen werden, dass die Partikelgrößenverteilung

von CA einen sehr starken Einfluss auf die Hydratationsgeschwindigkeit und

den Hydratationsgrad hat. Beide können durch CA, welches primär kleine Korn-

größen aufweist, erhöht werden. Mittels der Wärmeflusskalorimetrie und der

In-situ XRD wurde die Hydratation von CA mit unterschiedlichen Korngrö-

ßen untersucht. Die Hydratation von CA mit großen Korngrößen (d50 = 50 µm)

zeichnet sich durch eine sehr langsame Hydratationsgeschwindigkeit und einen

geringen Hydratationsgrad aus. Nach einer Hydratationsdauer von 22 h konnten

nur 34 rel.-% CA gelöst werden. Wohingegen das CA mit sehr kleinen Parti-

kelgrößen (d50 = 4 µm) einen Reaktionsumsatz von 62 rel.-% und eine hohe

Reaktionsgeschwindigkeit zeigt. Der Startpunkt der Hauptreaktion tritt bei klei-

nen Partikelgrößen im Vergleich zu großen Partikelgrößen später auf. In allen

Fällen ist eine weitere CA Hydratation nach der Hauptreaktion gehemmt und

nicht hydratisiertes CA bleibt nach der Aushärtung bestehen. Dieses Phänomen

kann durch eine Umhüllung der CA Partikel durch eine Schicht mit hoher spe-

zifischer Dichte bestehend aus den Hydratationsprodukten (C2AHx und AHx)

erklärt werden. Mittels einer Simulation auf Basis von Gauß-Verteilungskurven

ließ sich ein Durchmesser der abreagierten Außenhülle von 1.3 µm errechnen.

Mithilfe der isothermen Wärmeflusskalorimetrie konnte in dieser Arbeit gezeigt

werden, dass die Induktionsperiode des CAZ durch die Zugabe von Füllstoffen

auf Basis von Alumuniumoxid mit hoher spezifischer Oberfläche verkürzt wer-

den kann. Der Startzeitpunkt der Hauptreaktion und somit das Abbinden sind

stark von der spezifische Oberfläche von Füllstoffen abhängig. Negative Wär-

meflüsse während der Ruheperiode weisen auf eine gehemmte Keimbildung
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bei der Zugabe von Füllermaterial mit niedriger spezifischer Oberfläche hin.

Durch zugeben von Füllermaterial mit hoher spezifischer Oberfläche nehmen

die für die heterogene Keimbildung zur Verfügung stehenden Oberflächen zu.

Die Energiebarriere, welche für die Bildung von stabilen Keimen überwunden

werden muss wird durch weitere zu Verfügung stehende Oberflächen herabge-

senkt. Die Wahrscheinlichkeit stabile Keime zu bilden wird somit erhöht wäh-

rend der Startpunkt der Hauptreaktion zu einem früheren Zeitpunkt stattfindet.
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Chapter 1

Introduction

Calcium aluminate cement (CAC) is produced by fusing or sintering of an ap-

propriate mixture of Al2O3 and CaO. Bauxite as a Al2O3 source and Calcite are

typically used as raw materials. By grinding the resultant clinker a fine hydraulic

active powder, called cement, is obtained. When this cement comes in contact

with water, hydration occurs. This process is an exothermal reaction between

the clinker phases and free water leading to precipitation of hydrate phases at

the expense of clinker phases. The patent registration of the rotary kiln in 1885

marked a milestone in the cement productivity based on the sintering process.

It was for the first time possible to achieve a continuous production line. Many

different types of CACs with alumina contents between 50% and 90% have been

developed since the 19th century. The majority were used for refractory applica-

tions. But compared with the production of the ordinary Portland cement (OPC)

used for construction applications, the CAC can be considered as a niche pro-

duct. However, due to its special physical properties CAC is indispensable for

special applications. CAC is widely used in the refractory industry and is very

suitable as a building material for rapid repair solutions. Especially high alumi-

na cement (HAC) exhibits good sulphate and acid resistance in comparison with

OPC and can be employed down to a pH level of 4 [5]. With respect to refrac-

tory applications a product based on CAC cement can sustain high temperatures
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up to 1800◦C. Nevertheless, there are still many unsolved issues concerning

the hydration of CAC. Especially fundamental knowledge of kinetics and phase

development during hydration is very important in order to understand the ob-

served hydration behaviour. With heat flow calorimetry the hydration kinetics

can be observed but no phase related information is given by this method.

In a typical CAC mixture crystalline clinker phases are common. Some of the-

se phases may be added as fillers and some of them show hydraulic activity.

The later ones react together with water and are dissolving during the hydration

process forming new hydration products. The hydration products are the main

phases which are responsible for the hardness development during setting. The

main hydraulic phases in CAC are monocalcium monoaluminate (CA) and mo-

nocalcium dialuminate (CA2) and are in most cases crystalline products. The

hydration of CA is mainly responsible for early strength development where-

as the hydration of CA2 contributes after the main reaction of CAC hydration

has already exceeded [50]. Due to the crystalline property of the clinker phases

the X-ray diffraction is a very suitable method to investigate the raw materi-

al composition but also to trace the phase development during hydration with

in-situ XRD. The type of hydrate phases formed during the hydration of CAC

are very dependent on the applied temperature conditions. At room temperature

(∼ 25◦C) the main hydrate phases are C2AH8 and AHx according Equation 1.1.

These two hydrate phases are difficult to quantify with the classical Rietveld

refinement routine. In case of C2AH8 the structure is not sufficiently described

and AHx precipitates mainly as amorphous gel with very low crystallinity. In

this thesis the phase development of CA, CA2 and their hydration products were

investigated. In combination with the heat flow calorimetry new knowledge was

acquired concerning CAC hydration.

2CA+11H ∼ 25◦C−−−−→ C2AH8 +AHx (1.1)

2



Chapter 2

Aim of the Research Work

Many key mechanisms during CAC hydration are still not completely solved,

although CAC is used since centuries. The hydration of CAC was often subject

of investigations by several authors since decades. The ongoing development of

sophisticated analysis techniques helps to enhance the knowledge and to learn

about the key drivers of CAC hydration. Such knowledge is crucial especial-

ly for understanding of how additives interact with CAC during the hydration

process. The aim of this work was to investigate the hydration mechanisms of

sulphate free calcium aluminate cement. For this purpose the X-ray powder dif-

fraction in combination with the isothermal heat flow calorimetry was chosen.

The heat flow calorimetry is proven to be a very sensitive method to investiga-

te the cement hydration [68]. The in-situ XRD can give additional information

concerning the dissolution and precipitation of crystalline phases. By combina-

tion of both methods observed kinetics can be assigned to phase developments.

For reliable experimental scientific work good reproducibility is important. Pre-

liminary investigations showed that pure sulphate free calcium aluminate ce-

ment exhibits a very long dormant period and that the subsequent main reaction

starts with a delay which varies in these studies [9, 28, 81]. The addition of fil-

ler material shortened the dormant period and stabilized the hydration kinetics.

3
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As the added filler was a chemically inert alumina filler or inert ZrSiO4, di-

rect chemical reactions cannot be the reason for the stabilization of the hydrate

reactions. These observations lead to the first key question:

i. How does the addition of fine filler material influence the hydration of cal-

cium aluminate cement?

During these investigations it was noticed that the heat flow does not reach the

baseline after the main reaction for a very long period of time. This indicated a

very slow hydration reaction occurring after the main reaction. For further in-

vestigations a synthesized calcium aluminate lab model cement was chosen. The

two main hydraulic active phases CA and CA2 were synthesized in the lab and

blended with inert filler in an appropriate ratio. This approach has the advan-

tage that impurities can be excluded to effect the hydration kinetics. Heat flow

calculations based on QXRD data were performed to clarify the next research

keys:

ii. Clarification of the hydration kinetics of CA and CA2 by investigations per-

formed on a synthetic calcium aluminate cement.

iii. Proposal of C2AH8 and C2AH7.5 hydration kinetics and their heat contri-

bution during CAC hydration.

Again, also during these investigations new questions arose. It was very remar-

kable that the main hydraulic phase CA did not dissolved completely during hy-

dration. This was also observed with technical calcium aluminate cement. The

investigations showed that the relative percentage of unreacted CA was in any

case the same, independent of the CA concentration. This observation resulted

in the next research goal:

iv. Clarification of the limiting factor for the CA hydration degree.

Based on the observations that the hydration of CA is stopped shortly after the

maximum of the main reaction, the next research key was obvious:

4
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v. How to increase the hydration degree of CA?

During these investigations it was noticed that the CA hydration kinetics change

with CA fineness, which lead to the next question:

vi. How does the CA particle fineness change the CA hydration kinetics?

The results lead to the hypothesis that the hydrated CA (reacted rim) has the

same thickness for all particles in any investigated CA powder independent of

the particle size. Calculations were performed to determine the thickness of the

reacted rim:

vii. Determine the thickness of the reacted rim of CA particles in dependence of

their particle size.

5





Chapter 3

State of Knowledge

3.1 Calcium Aluminate Cement

Calcium aluminate cements (CACs) are produced by fusing or sintering of a

mixture consisting of alumina (Al2O3) and free lime (CaO) in suitable propor-

tion. Because of their high alumina content especially white CACs, which are

characterized by a very small amount of impurities, are considerably more ex-

pensive as the ordinary Portland cements. Nevertheless because of their chemi-

cal composition they have very noteworthy advantages and are therefore mainly

used for specialized applications:

• Due to their rapid strength development in between 24 hours of hydration

time, they are often used as quick repair solutions.

• Their wide range of chemical resistance make them very suitable for ag-

gressive environments such as seawater constructions [3] or waste water

pipes [32].

• CACs of high alumina content (70 to 80 wt.-% Al2O3) can sustain ve-

ry high temperatures up to 1800◦C [4] and are therefore widely used in

refractory concretes [83].

• Blended with ordinary Portland cement (OPC) CAC is used as a rapid
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hardening cement which can develop about 20 N/mm2 in 240 minutes of

hydration time [49, 87]. A CAC/OPC ratio of 0.25 was proven to give the

best early strength development [33].

The main phases of CACs are monocaclium monoaluminate (CA) and mono-

calcium dialuminate (CA2). Dependent on the chosen ratio of calcium oxide

and aluminium oxide, the amount of CA and CA2 can be adjusted. The two-

compound phase diagram for the system CaO-Al2O3 is shown in Figure 3.1.

The melting point of CA (35 wt.-% CaO and 65 wt.-% Al2O3) is determined to

1602 ± 5◦C at normal pressure. A CaO to Al2O3 ratio between the stoichiome-

tric composition of CA and CA2 (65 to 79 wt.-% Al2O3) lead to CA coexisting

together with CA2.

Figure 3.1: Phase diagram of the system CaO-Al2O3 after Nurse et al. [70] with addi-
tional adjustments for C12A7 [14]. Source: Allibert [1]
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According to the investigations by Nurse et al. [70] the calcium aluminates C3A,

CA, CA2 and especially the alumina rich phase CA6 show incongruent melting

behaviour. Other authors such as Eriksson and Pelton [21] stated congruent mel-

ting behaviour for CA as well as for CA2 but an incongruent one for CA6. As

the melt which is formed together with CA or CA2 respectively is near to the

chemical composition of CA or CA2 itself, a congruent melting behaviour is ad-

opted for practical reasons. The phase C12A7 has been reported by Nurse et al.

[69] to be stabilized by OH groups. Later on Imlach et al. [41] and Cockayne

and Lent [14] reported that C12A7 exists as anhydrous stage. It is assumed that

C12A7 is non-stoichiometric and stabilized through a small excess of oxygen or

by incorporation of foreign ions.

The raw materials used for the production of CAC are bauxite and limestone.

As both can contain impurities in different concentrations, also the CAC will

contain foreign ions. Especially bauxite is quarried in very different qualities

with different concentrations of iron and silicon. The different grades of CACs

and their chemical composition are shown in Table 3.1. For the high alumina

CAC, Al2O3 is predominantly derived from the Bayer process in order to reduce

impurities.

Table 3.1: Composition in wt.-% for three different grades of calcium aluminate cements
after Scrivener and Taylor [83]. The as ’Others’ labelled concentrations include the
oxides TiO2, MgO, Na2O and K2O.

Grade Colour Al2O3 CaO SiO2 Fe2O3+FeO Others
Low Alumina Grey to dark grey 36-42 36-42 3-8 12-20 <3.25
Medium Alumina White grey to white 65-75 25-35 <0.5 <0.5 <0.5
High Alumina White ≥80 <20 <0.2 <0.2 <0.4

On the construction side CAC is rarely employed alone. Often mixtures of CAC

and fillers with different particle size distributions are used. Especially the ad-

dition of fine filler content plays an important role to increase the final strength.

Through fine filler material the amount of water can be reduced leading to lower

amount of pores and a more dense particle packaging. In such mixtures, called

low cement castables (LCC) a very low CAC cement content of only 5-8 wt.-%
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is common. An even lower CAC amount of approximately 2 wt.-% is used for

ultra low cement castables (ULCC).

3.2 Hydration of Calcium Aluminate Cement

CA is the main phase which is mainly responsible for early strength develop-

ment whereas CA2 shows very weak hydraulic activity [5, 11, 46, 89]. The hy-

dration products of CAC are strongly dependent on ambient temperatures [5].

Below 15◦C the water rich calcium aluminate hydrate CAH10 is formed [10].

At room temperature (∼ 25◦C) the hydration of CA leads to the hexagonal pha-

se C2AH8 together with AHx [34, 76, 83]. Crystalline Gibbsite (AH3) together

with Katoite (C3AH6) will precipitate at temperatures higher than 60◦C [72].

At room temperature AH3 is initially formed as amorphous alumina gel with

undefined amount of water (AHx)[5, 82].

CA+10H < 15◦C−−−−→ CAH10 (3.1)

2CA+11H ∼ 25◦C−−−−→ C2AH8 +AHx (3.2)

3CA+12H > 60◦C−−−−→ C3AH6 +2AH3 (3.3)

According to the phase equilibrium CAH10 and C2AH8 are metastable phases

and will convert to the stable phase C3AH6 over time [18]. The conversion is

accompanied with the release of free water (Equation 3.4) which results in a

decrease in strength caused by higher porosity. Depending on conditions the

conversion process can last up to several years.

C2AH8→C3AH6 +2AH3 +18H (3.4)

CA2 shows a very weak hydraulic activity. Also for the hydration of CA2 the

hydration products are AHx, AH3, CAH10, C2AH8 and at high temperatures
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C3AH6. The hydration reactions are very similar to the one of CA hydration [5]

(compare Equations 3.5, 3.6 and 3.7).

CA2 +13H→CAH10 +AHx (3.5)

2CA2 +17H→C2AH8 +3AHx (3.6)

3CA2 +21H→C3AH6 +5AH3 (3.7)

The kinetics of CAC hydration can be divided into four different periods. Figure

3.2 exemplary shows the hydration kinetics of CAC measured with heat flow

calorimetry for a water to solid ratio of 0.275 (w/s = 0.275) at a temperature of

23 ◦C.
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Figure 3.2: Heat flow curve showing the typical kinetics of CAC hydration with charac-
teristic periods: a) initial period, b) dormant period, c) main reaction and d) the extended
deceleration period.

a) Initial period
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The initial period is directly measured after the mixing process of the dry

mixture with water and is therefore caused by first wetting heat, stirring he-

at and by the first dissolution of the clinker phases. According to Fujii et al.

[24], the fraction of hydrated CA, which was determined by investigations of

the liquid phase, present at the end of the induction period accounts for less

than 1 % of the absolute amount. It is conceivable that very small amounts of

CA dissolve in order to form a primary reaction layer of primary formed hy-

drate phases. Moehmel [63] investigated the composition of a solution with

ICP and was able to confirm a heterogeneous dissolution of CA during the

first 20 min of hydration. Due to a higher solubility of CaO, the surfaces of

the CA particles became richer in Al2O3. Furthermore, he found a decrea-

se of specific surface area with N2-adsorption measurements. This indicates

the presence of a dense layer of hydration products around the CA particles.

Through agglomeration processes on the surfaces of CA particles, precipita-

tion of Al(OH)x gel layer occurs.

b) Dormant period

The dormant period is the period of time where the heat flow reaches values

near the baseline directly after the initial period. The length of this dormant

period may depend on the grainsize of the used filler [52], the amount and

type of additives used and on the ambient temperature [64, 66]. Barret et al.

[4] and Gosselin et al. [31], explain the dormant period as a result of nuclea-

tion problems of C2AH8 from solution. The dormant period is replaced by a

period of induction when still some heat flow is produced between the initial

period and the main reaction.

c) Main reaction

The main reaction can be divided into two periods. The acceleration period

(I) describes the increase of heat flow up until the maximum of the main

reaction. The heat developed during the main reaction is mainly caused by

dissolution of CA and the precipitation of the hydrate phases according to
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Equations 3.1, 3.2 and 3.3 depending on the ambient temperature. The maxi-

mum of the main reaction is often correlated with the so called setting time

and is accompanied with an increase in hardness. The period of decelerati-

on (II) is described by a decrease of heat flow and is accompanied by lower

dissolution rate of the clinker phases.

d) Extended deceleration period

The time period after the main reaction is characterized by a very low ( <

0.2 mW/g) heat flow which is slowly decreasing. In the work presented here

it is shown that the heat during this extended deceleration period is mainly

caused by the hydration reaction of CA2 [50, 51].

Without any additive blended with CAC, the dormant period can last up to 20

hours or even more. Additionally the starting point of the main reaction is very

unreproducible [28]. By the addition of an inert filler the hydration kinetics can

be stabilized [81]. For this work ZrSiO4 was used as an inert filler concerning

the lab cement investigations.

3.3 Heat Flow Calorimetry

The heat flow calorimetry is a common method for the investigation of cement

hydration kinetics. With the heat flow calorimetry the consumed or produced

heat can be measured. In this work a custom built isothermal calorimeter after

Kuzel [56, 57], Neubauer and Goetz-Neunhoeffer [68] in quadruple design was

used. The temperature of the calorimeter is set and controlled to 23 ± 0.2◦C.

For the measurement the specimen is prepared in a sealed polystyrene sample

container and placed on top of a Peltier element. Another cell is equipped with

a container filled with 1 g of quartz powder and functions as a reference cell for

three measurement cells. During hydration of cement a change in temperature

∆T between the reference cell and the specimen cells is produced which leads

to a thermoelectric voltage ∆U in the Peltier elements. The heat flow HF is
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calculated in its dependence on the specimen weight mspecimen after Equation

3.8 where K(T ) is the temperature dependent calibration constant. The obtained

data was evaluated with Origin from OriginLab.

HF =
∆U

mspecimen
·K(T ) (3.8)

3.4 Powder Diffraction and the G-factor Method

The phenomenon of X-ray diffraction on crystals was first described by Max von

Laue as a theoretical approach in the publication of Friedrich et al. [23]. Based

on this idea W.H. Bragg and W.L. Bragg described the dependency of the obser-

ved reflections and the X-ray beam angle leading to the famous Bragg equation

[7]. Peter Debye and Paul Scherrer developed 1915 the so called Debye-Scherrer

method [19] which was not based on diffraction on single crystals but on pow-

der. The theory is that all crystals and therefore all lattice planes are statistical

oriented in a powder. The powder diffractometry together with the fundamental

relations concerning peak intensities formulated by Rietveld [78] makes it possi-

ble to quantitatively determine the phases of a ground cement. With the Rietveld

method crystalline phases can be quantified whereas amorphous phases or pha-

ses of which the structure is insufficiently described cannot be determined.

As during hydration of CAC amorphous AH3 and the not sufficiently described

phases C2AH8 and C2AH7.5 precipitate, the G-factor was applied for quantifi-

cation. The G-factor method is an external standard method first described by

O’Connor and Raven [71] and improved and applied for cement quantification

by Jansen et al. [42, 43, 44]. According to Equation 3.9 the scale factor s j of

the Phase j is directly proportional to the phase content c j, where the density is

described by ρ j and the cell volume by Vj. The mass attenuation coefficient µ∗

of the specimen can be calculated from its known chemical composition [75].

c j = s j ·
ρ j ·V 2

j ·µ∗

G
(3.9)
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The XRD equipment used for this work was mainly a D8 diffractometer equip-

ped with a Lynx-Eye position sensitive detector from Bruker AXS. For cement

hydration process investigations the XRD analysis has been improved during

time and a temperature control unit for the sample carrier was developed [37].

For measurement the specimen is prepared in a PPMA sample carrier and placed

on a temperature controlled sample holder. The schematic assembly is given in

Figure 3.3.

Paste

Kapton filmSample carrier

Temperature controlled
peltier element

Sample holder

23°C

Figure 3.3: Schematic figure of the sample assembly for in-situ XRD measurements
after Hesse [36]
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Chapter 4
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4.1 Influence of the specific surface area of alumi-

na fillers on CAC hydration kinetics

Klaus, S.R.; Neubauer, J. & Goetz-Neunhoeffer, F. [53]

Influence of the specific surface area of alumina fillers on CAC hydration kine-

tics

Advances in Cement Research, 2016, 28, 62-70

4.1.1 Abstract

For refractory application inert alumina fillers frequently are mixed with cal-

cium aluminate cements (CACs) to improve particle packaging and to reduce

the demand of water for low cement castables. This finally results in decreased

porosity and higher strength. Investigations by isothermal heat flow calorimetry

show that the presence of alumina filler material with high specific surface area

leads to a shortening of the induction period of CAC hydration. The study also

demonstrates that the specific surface area of the chosen alumina filler changes

the starting point of the main hydration reaction and in consequence the setting

time of the CAC mixture is strongly influenced. During the dormant period the

heat flow of CAC hydration with coarse alumina filler material of lower specific
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surface area is characterized by negative values. By addition of filler with higher

specific surface area the surface available for heterogeneous nucleation can be

increased. Due to more available surfaces the critical energy barrier for stable

nuclei formation can be reduced. This results in a positive heat flow during the

dormant period and a shift of the main reaction to earlier points in time.

4.1.2 Notation

A aluminium oxide (Al2O3)

C calcium oxide (CaO)

CAC calcium aluminate cement

H water (H2O)

Hxxh heat of hydration after xx h

LCC low cement castable

w/c water to cement ratio

w/s water to solid ratio

4.1.3 Introduction

Calcium Aluminate Cements (CACs) are widely used for very different applica-

tions. Due to their chemical resistance and rapid strength development they are

often applied in chemical aggressive environments such as seawater construc-

tions, waste water pipes or used as a quick repair cement. Materials produced

from CAC with high alumina content (70-80 wt% Al2O3) can sustain high tem-

peratures up to 1800◦C and are therefore compatible for refractory applications.

For the purpose of hydration and strength control chemical inert fillers are ad-

mixed to CACs [9, 54]. Due to a more dense particle packaging strength impro-

vement can significantly be increased by addition of very fine particles. In the

mid 80s low-cement castables (LCCs) with a decreased demand of mixing wa-

ter were introduced. Such LCCs are characterized by a cement content between

typically 5 to 8 wt% only.
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The main clinker phases in white CACs are monocalcium aluminate (CaAl2O4

or CA) and monocalcium dialuminate (CA2) whereas the main phase CA is re-

sponsible for early strength and hydration development. CA2 is known to show

weak hydraulic activity but exhibits a continuous heat flow after the main reac-

tion for several days [50].

The hydration of CAC was already studied very extensively by several authors.

For the temperature range between 0◦C and 20◦C Bensted [5] and Buttler and

Taylor [10] describe precipitation of predominantly CAH10 together with amor-

phous AHx. After longer hydration periods the amorphous phase can convert

to C2AH8 and crystalline gibbsite (AH3) [34, 76, 83]. Between 20◦C and 30◦C

C2AH8 and AH3 are most common. Between 30◦C and 90◦C, however, main-

ly hydrogrossular (katoite, C3AH6) and AH3 are formed [72]. Alumina fillers,

which are added as fines in the matrix or as coarser aggregates, usually are che-

mical inert materials and do not exhibit heat flow. However, hydration kinetics of

CAC and especially the extent of the dormant period are changed by admixing

different fillers.

Several additives are known to control the setting time of CACs. Accelerators

like lithium-salts can heavily shift the setting time to earlier times of hydration

[31]. Whereas citric, tartaric or phosphorous acid are applied to retard setting

time, e.g. [82]. Goetz-Neunhoeffer [27] showed that the addition of Li2CO3 in

CAC leads to the formation of a Li-Al-double-layer-hydrate which decreases the

required activation energy for precipitation of C2AH8.

Isothermal heat flow calorimetry is a very sensitive method and very suitable for

the investigation of cement hydration kinetics. It is often employed to optimize

setting times of binder systems. Sugama [88] applied heat flow calorimetry to

monitor the influence of citric acid. For investigations of cement hydration ki-

netics at different temperatures in presence of lithium salts Damidot et al. [17]

successfully used isothermal calorimetry. In the present study the influence of

fine alumina filler on the hydration of CAC was investigated. Alumina fillers of

different specific surface area were mixed to co-sintered CAC and investigated
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by isothermal heat flow calorimetry.

4.1.4 Materials and Methods

The different alumina fillers (Table 4.2) were added to a co-sintered iron-free

CAC with a CA content of 49 wt% and CA2 content of 51 wt%. Neither silicate

nor iron phases, like C2AS or C4AF, were detected in the CAC. The quantitati-

ve phase contents derived by Rietveld analysis [78] of the CAC and of the used

fillers are shown in detail in Tables 4.1 and 4.2. Filler F-1a, F-1b, and F-7 contai-

ned mainly α-Al2O3 and minor β -Al2O3. Whereas the determined main phases

of alumina filler F-71 are structurally different transition aluminas, which are

responsible for the high surface area. But from the chemical point of view they

are also pure Al2O3. For homogenization purposes the dry powders were filled

in a Teflon cylinder in a ratio of CAC/filler = 0.25 and homogenized in a hori-

zontal vibrating mill. The heat flow of the mixtures were then investigated by

using a custom made isothermal calorimeter in quadruple design [57, 68]. A wa-

ter to solid ratio (w/s-ratio) of 0.275 was chosen to obtain a paste with castable

rheology and without the necessity to use fluidizing additives.

Table 4.1: Quantitative phase content and refined lattice parameters of the CAC clinker
phases

Phase Literature of structure wt% a: Å b: Å c: Å beta: ◦

CA [39] 49 8.695 8.093 15.209 90.186
CA2 [29] 51 12.886 8.887 5.445 106.870
Standard deviation:
CA 1 0.001 0.001 0.002 0.007
CA2 1 0.002 0.001 0.001 0.027

Table 4.2: Quantitative phase content in wt% of used filler aluminas

Filler α-Al2O3[60] β -Al2O3[22] Trans. Alumina
F-1a 95.2 ± 0.2 4.8 ± 0.2 -
F-1b 98.8 ± 0.2 1.2 ± 0.2 -
F-7 99.6 ± 0.1 0.4 ± 0.1 -
F-71 5.1 ± 0.6 - 94.9 ± 0.6
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Table 4.3 shows the BET specific surface area determined by N2-absorption

method. The surface area of the fillers F-1a and F-1b is very comparable with

values≤ 1 m2/g, whereas filler F-71 shows the highest specific surface area with

70.6 m2/g. For all fillers only very low soluble Na2O content of < 0.2 wt% was

determined.

Table 4.3: Specific surface area (SSA) determinded by BET analysis and content of
soluble Na2O for used filler materials

Filler SSA: m2/g soluble Na2O: %
F-1a 0.86 < 0.1
F-1b 1.0 < 0.1
F-7 6.87 < 0.1
F-71 70.6 < 0.2

Before measurement the dry mixture and the mixing water were equilibrated for

at least 3 hours at 23 ± 0.2◦C. Additionally the calorimeter was controlled and

set to 23 ± 0.2◦C. The mixing water and the dry powder were mixed together

for 1 minute and then transferred into polystyrene sample containers. To prevent

evaporation of mixing water during the measurement, the containers were sea-

led tightly before they were inserted into the calorimeter. Heat conductive paste

was applied between the sample container and the sample holder (Peltier ele-

ment) to achieve a faster and more accurate heat transfer. The room temperature

during preparation and measurement was held at 23 ± 0.5◦C. Each mixture was

prepared and measured three times for 45 h. The data sets obtained during heat

flow measurements were evaluated by Origin 9G (OriginLab Corporation). The

heat of hydration for the dormant period was evaluated from 1 h of hydration

until the starting point of hydration determined by tangent alignment.

4.1.5 Results

Fig. 4.1 shows the time dependent averaged heat flow curves for the investigated

mixtures. The basic mixture is always containing 20 wt% CAC together with 70

wt% of filler F-1a. 10 wt% alumina filler (F-1a, F-1b, F-7 or F-71) with different
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specific surface areas were added to the basic mixture. All heat flow values are

related to the amount of solid material (20 wt% cement and 80 wt% alumina

filler). The reference heat flow curve for the mixture of 20 wt% CAC and 80

wt% F-1a is represented by the black solid curve. For this mixture the dormant

period is characterized by negative heat flow. Then after 7.6 h of hydration time

the main reaction starts very fast and the measured heat flow increases up to

3.5 mW/g at the maximum. During the period of deceleration the heat flow

decreases and reaches a minimum value of 0.1 mW/g after 45 h - the end of the

measurement. The replacement of 10 wt% F-1a by 10 wt% F-1b (grey dotted

curve) shows no significant influence on the hydration kinetics.
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Figure 4.1: Heat flow curves of the mixtures containing 20 wt% CAC plus 70 wt% F-1a
(basic mixture) and 10 wt% alumina filler of different specific surface area; w/s = 0.275;
T = 23◦C

The addition of the filler (F-7) with a specific surface area of 7 m2/g causes a

shift of the starting point of the main reaction to 4.8 h of hydration time. The

heat flow during the dormant period is nearly zero but shows no negative values.

The heat flow curve of the mixture containing F-71, the filler with the highest
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specific surface area (70.6 m2/g), shows the earliest starting point of the main

reaction (3 h). Moreover, an induction period with very low heat flow can be

observed instead of a dormant period.

The cumulative heat in J/g related to the amount of solid material is shown in

Fig. 4.2. The addition of the fillers F-1a and F-1b leads to a decline of cumulative

heat during the dormant period due to the measured negative heat flow. Then

the heat of hydration increases after 4.8 h during the main reaction and finally

reaches values of 93 resp. 92 J/g. The heat of hydration of the mixture containing

10 wt% F-71 increases to 10 J/g at early times but then reaches a similar level

after 45 h compared to the other investigated mixtures. Taking into account all

mixtures then a mean value of 94 ± 7 J/g related to the amount of solid material

can be calculated.
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Figure 4.2: Heat of hydration curves of the mixtures containing 20 wt% CAC, 70 wt%
F-1a and 10 wt% alumina filler of different specific surface area; w/s = 0.275; T = 23◦C

Fig. 4.3 shows the heat flow development during hydration of a mixture contai-

ning 20 wt% CAC and different ratios of the alumina fillers F-1a (low specific

surface area) and F-7 (high specific surface area). The black solid curve repres-
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ents the heat flow development with 80 wt% F-1a only and is characterized by

the latest starting point of the main reaction. With increasing amount of the alu-

mina filler F-7 the starting point of the main reaction is shifted to earlier times

of hydration. With higher F-7 content of 20 and 30 wt% an exothermic process

leads to a period of induction instead of a dormant period.
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Figure 4.3: Heat flow development for the hydration of the mixtures containing 20 wt%
CAC and different contents of fine (F-7) instead of coarse (F-1a) filler; w/s = 0.275; T
= 23◦C

A more detailed heat flow development for the first 10 h of hydration time is

shown in Fig. 4.4. The two slower hydrating mixtures with 0 and 5 wt% F-7

show a clear negative heat flow development during the dormant period.
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Figure 4.4: Heat flow development for the hydration of the mixtures containing 20 wt%
CAC and different ratios of F-1a to F-7 showing negative heat flow for the addition of 0
and 10 wt% F-7; w/s = 0.275; T = 23◦C.

4.1.6 Discussion

The results very clearly show that not only the type of used alumina filler but

also the concentration of very fine filler material (see Fig. 4.3) has high impact

on the starting point of the main reaction. With higher specific surface area of

inert filler the starting point of the main reaction is shifted to earlier point in

time (compare Fig. 4.5). The addition of filler F-1b shows no influence on the

hydration kinetics (Fig. 4.5 c). This is due to the very similar surface areas of the

fillers F-1a and F-1b. The most pronounced acceleration can be observed with

the highest amount (30 wt%) of alumina filler F-7 (Fig. 4.5 d). The start of the

main reaction for the mixtures with addition of 10 wt% F-71 (a) is very similar

compared to the addition of 20 wt% F-7 but is occurring earlier than for 10 wt%

F-7 (b). This shows that nearly the same duration of the dormant period can be

achieved with a lower amount of filler which is characterized by a higher specific

surface area. This was already described by other authors who also observed an
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accelerating effect through the addition of alumina fillers [26, 65, 77].

In literature it is known that the content of Na2O has additional effect on the

setting time of CAC. Our previous in-situ XRD investigations showed that β -

alumina (Na2Al22O34) - the main sodium incorporating phase - does not dissolve

during the hydration process of CAC. As the soluble sodium content of the fil-

lers F-1a, F-1b and F-7 is very comparable, it can be excluded as the driving

force for the observed shift of the main reaction. The influence of sodium on

the calcium aluminate cement hydration is discussed very ambivalent [16, 82].

Sodium hydroxide and sodium sulfate are known to act as accelerators whereas

sodium chloride and sodium nitrate are known for their retarding effect [82]. The

slightly higher content of soluble sodium for filler F-71 (compare Table 4.3) is

low. Whereas the differences in the specific surface area between the used filler

materials are very high. Therefore the effect of soluble sodium compared with

the effect due to the specific surface area can be assumed to be minimal for the

purpose of this investigation.

The difference in specific surface area is obviously leading to the different kine-

tics of the investigated mixes with 20 wt% CAC and 80 wt% alumina.
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Figure 4.5: Starting point of the main reaction in dependence of the starting time of
cement mixes with different alumina fillers and increasing amount of filler material.
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4.1.7 Nucleation difficulties during the dormant period of CAC

hydration

The time-dependent heat flow is correlated clearly with the dissolving process

of CA. The further decrease of CA during main reaction is linked to the increase

of the C2AH8 hydrate phase [50, 52]. In-situ XRD investigations of synthetic

CA/CA2 mixes also show that during the initial period and the dormant period

no crystalline hydration products are formed. Furthermore it could be shown

that the first precipitation of C2AH8 marks the starting point of the main reac-

tion. The mechanisms during the dormant period or the period of induction of

CAC hydration were discussed by several authors. It is still not clear whether

the dormant period is generated by a passivation of early hydrate phases cove-

ring the CA particles or by nucleation problems of the hydrate phases [64, 82].

Authors such as Barret et al. [4], explained the dormant period by reference to

nucleation problems of C2AH8 out of solution. Gosselin et al. [31] showed that

through the addition of Li2SO4 a more homogeneous and faster nucleation of

hydrate phases can be achieved.

Goetz-Neunhoeffer [27] stated when Li+ is added to CA or CAC at first a Li-Al-

double-layer-hydrate is formed. Then this intermediate compound is most pro-

bably consumed by C2AH8 hydrate phase formation, which releases Li+ again

into solution. This again supports aluminium hydrate precipitation and leads to

further CA dissolution. Li+ acts like a catalyst as the intermediate product de-

creases the activation energy for C2AH8 nucleation. Also Damidot et al. [17]

conclude that the observed acceleration effect of lithium salts is linked to seed

formation. Rodger and Double [79] describe a nucleation barrier for the preci-

pitation of the main hydration products (CAH10 and C2AH8) and propose that

lithium salts play an important role as accelerators by precipitation of a lithium

aluminate hydrate which acts as a heterogeneous nucleation substrate. The sum-

mary of above mentioned data and observations from different authors strongly

indicates that the extent of the dormant period during CAC hydration is mainly
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driven by nucleation difficulties of calcium aluminate hydrates and that the dor-

mant period can be shortened by very low concentrations of Li+ leading to the

formation of an Li-containing hydration product.

It is very likely that during the dormant period hydrate nuclei are formed on the

surfaces of the CAC and also on the alumina filler particles [82]. With the addi-

tion of filler material with very high specific surface area the available surface

for heterogeneous nucleation can be increased. Thus more contact points are

available for nucleation (surface-to-surface connections). With respect to hete-

rogeneous nucleation, the nucleation will be favoured and driven forward by

additional surfaces [47].

The formation of solid nuclei surrounded by a liquid phase is accompanied with

a change in Gibbs free energy [73] given by

∆G =−VS∆GV +ASLγSL (4.1)

where VS is the volume of the solid nuclei, GV the free energy per volume, ASL

the solid/liquid interfacial area and γSL the solid/liquid interfacial free energy.

With regards to homogeneous nucleation the nuclei are considered spherical

with no surface-to-surface connections available. In such a case the interfacial

energy ASLγSL is proportional to the radius r of the nuclei as ASLγSL ∝ r2. The

volume dependent free energy VS∆GV is proportional to ∝ r3 (Equation 4.2).

∆GI =−
4
3

πr3
∆GV +4πr2

γSL

∝−r3 + r2
(4.2)

The process of nucleation is endothermic and energy is needed to build up new

surfaces [8]. The development of the relevant Gibbs free energies for nucleation

are shown in Fig. 4.6. The critical nucleus radius r∗ is defined as the position

where ∆G as a function of r exceeds its maximum. The critical nuclei radius is

the minimal size of stable nuclei Kelton and Greer [48]. To obtain this critical
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radius the energy barrier ∆G∗ has to be overcome. With further growth of the

nuclei ∆G will decrease. As soon as the difference between two ∆G values is

negative further growth of the stable nuclei will occur.

∝−r 3
V

V o l u m e  f r e e  e n e r g y  ∝ r 3

∆ G I I

∆G I I *

∆G I *

∆ G I

∆G

r

∝r 2
A

r *

+

-

0

I n t e r f a c i a l  e n e r g y  ∝ r 2

Figure 4.6: Gibbs free energy development for nucleation process in dependency of the
nuclei radius r after Porter and Easterling [73]. ∆GI shows the change in Gibbs free
energy for homogeneous and ∆GII for heterogeneous nucleation.

The presence of surface-to-surface connections between nuclei and filler favours

the decrease of energy necessary for the growth of stable nuclei. In such a case

the change in the Gibbs free energy ∆GI is lowered as defined in Eq. 4.3 after

Porter and Easterling [73] where S(Θ) is defined as the wetting angle. As a

consequence with higher amount of small filler particles the energy barrier is

reduced (∆G∗I > ∆G∗II) as shown in Fig. 4.6.

∆GII =

{
−4

3
πr3

∆GV +4πr2
γSL

}
S(Θ)

∆GII = ∆GI ·S(Θ)

(4.3)

The nucleation rate n is commonly expressed by the Arrhenius term [62] and
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is dependent on the energy barrier ∆G∗ (Eq. 4.4). For a lower energy barrier

the nucleation rate will increase. As a consequence the growth of stable nuclei

demands less energy and is accompanied with an increased hydration rate.

n = n0 exp
(
−∆G∗

kT

)
(4.4)

In case of isothermal heat flow calorimetry the change in enthalpy (∆H) is mea-

sured. Based on its definition the Gibbs free energy is the difference between

the enthalpy and the entropic term (Eq. 4.5). As isothermal heat flow calorime-

try was used, the entropic term T ∆S can be considered constant (Eq. 4.6).

∆G = ∆H−T ∆S (4.5)

∆G =̂ ∆H− const. (4.6)

The negative heat flow (+∆H) as detected during the dormant period (Fig. 4.1

and particularly in Fig. 4.4) must be the result of a pronounced positive ∆G - a

nucleation period where potential nuclei growth is endothermic and consumes

energy. It can further be assumed that with only coarse filler (low specific sur-

face area) the formed nuclei have to overcome a higher energy barrier. In Fig.

4.7 the different values for heat of hydration measured during the dormant pe-

riod with increasing F-7 concentrations in the investigated mixtures are shown.

The results show that heat of hydration during dormant period is negative for

addition of less than about 10 wt% very fine filler F-7 but then increases with

the concentration of the fine filler. The amount of fine filler material and the heat

produced during the dormant period increased significantly. From previous in-

vestigations we already know that particle size of CA in CAC is determining the

degree of CAC hydration after a certain time and therefore limiting the amount

of formed hydrate phases [52]. Taking into account all measurements and obser-

vations we assume that nucleation determines the point in time of the start of the
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main reaction but has no influence on the following hydration kinetics of CA.
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Figure 4.7: Developed heat of hydration during the dormant period in dependency of
alumina filler F-7 concentration.

4.1.8 Summary and Conclusions

We could show that with increasing content of fine fillers of very high speci-

fic surface area the dormant period is shortened and for this reason the starting

point of the main reaction is shifted to earlier points of time. The addition of

filler with very high specific surface area (F-71) or high concentrations of filler

with high specific surface area (> 20 wt% F-7) results in an induction period

with low heat flow (compare Fig. 4.1 and Fig. 4.3). Whereas a filler characteri-

zed by relative low specific surface area (F-1a and F-1b) exhibits negative heat

flow values during a dormant period and thus strongly indicates nucleation dif-

ficulties for those mixtures (compare Fig. 4.4).

The investigations showed that isothermal heat flow calorimetry is a very suita-

ble method to predict or investigate the kinetics of cement admixes. The results

show very clearly that the start of hydration of CAC mixes - and thus the period

of working time - is influenced significantly by the type of chosen inert filler.

31



Dissertation Sebastian Klaus Chapter 4. Results (Publications)

4.1.9 Acknowledgements

The authors wish to acknowledge Almatis for their financial support.

32



Chapter 4. Results (Publications) Dissertation Sebastian Klaus

4.2 Hydration Kinetics of CA2 and CA - Investiga-

tions Performed on a Synthetic Calcium Alu-

minate Cement

Klaus, S.R.; Neubauer, J. & Goetz-Neunhoeffer, F. [50]

Hydration kinetics of CA2 and CA - Investigations performed on a synthetic

calcium aluminate cement

Cement and Concrete Research, 2013, 43, 62-69

4.2.1 Abstract

Much is already known about the hydration of monocalciumaluminate (CA) in

calcium aluminate cements (CACs). CA2 is known to be weakly hydraulic. The-

refore, the hydration kinetics of CA2 were not of as great interest as those of the

hydration of CAC. We were able to show that the hydration of CA2 begins as

soon as the hydration rate of CA has reached its maximum and the first preci-

pitation of C2AH8 has started. The hydration of different CA/CA2 ratios was

analysed by the G-factor quantification. The individual contributions of the pha-

ses CA and CA2 to the heat flow were calculated based on the amounts dissolved

by applying thermodynamic data. The heat flow as calculated from XRD data

was then compared with the measured heat flow. It was obtained a good consis-

tency between the two. The very pronounced influence of CA2 during hydration

of CAC can be clearly demonstrated.

4.2.2 Introduction

The main use of calcium aluminate cement (CAC) is in applications which re-

quire substances which combine the advantages of casting at ambient tempera-

tures with excellent performance at temperatures above 1700◦C. CACs with 70–

80 wt.-% Al2O3 can be used to produce castables with a temperature resistance
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ranging from 1800◦C to 1900◦C. In order to improve technical performance,

low-cement castables (LCC) were developed in the mid 1980s. A very low ce-

ment content of 5–8 wt.-% is a common feature of such LCCs. It also proved

possible to achieve a significant strength improvement in these LCCs by opti-

mizing the particle packaging, that is to say, by the mixing of coarser particles

with finer filler particles.

The main hydraulic phase of all CACs and LCCs is CA. The specific hydration

product which tends to be formed by this CA is strongly dependent on am-

bient temperatures. According to several studies, the initial hydration product

emerging within the temperature range between 0 and 20◦C is predominantly

CAH10 [5, 10] together with amorphous AHx. After longer hydration periods the

amorphous phases can convert into crystalline phases, such as CAH10, C2AH8 /

C2AH7.5 and AH3 [34, 76, 83]. In the temperature range between 20 and 30◦C

C2AH8 and AH3 are the prevailing hydration products. In the temperature ran-

ge between 30 and 90◦C, however, it is predominantly hydrogrossular C3AH6

together with AH3 that is precipitated [72]. According to the phase equilibrium

[18] CAH10 and C2AH8 / C2AH7.5 are metastable phases which will finally be

converted into stable C3AH6. In refractory applications the conversion into hy-

drogrossular (C3AH6) plays no role because the hardened castable will always

be heated up before use. In white, Al2O3-rich CACs monocalciumdialuminate

(CA2) is the second main phase which emerges. CA2 tends to react very slowly

within the first 48 h. For this reason, in many earlier studies it has been the hy-

dration of CA alone that has been intensively investigated. For a long time the

hydration of CA2 was an open issue [86] and CA2 was even assumed to be inert.

Then different investigators such as Sulikowski and Sawkow [89], Chatterji and

Majumdar [11] and Jung [46] reported hydraulic reactivity of CA2, although the

reactivity reported was a lower one than the reactivity of CA. Chudak et al. [13]

also investigated pure CA2 with 70 wt.-% Al2O3, using the DCA technique, and

describes a slow CA2 hydration over several days. Negro et al. [67] concluded

that the solubility of CA2 is much lower than that of CA. This could explain
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the very low hydration reaction of CA2. Edmonds and Majumdar [20] repor-

ted hydraulic activity of CA2 in Secar 71, beginning after 28–48 h and lasts up

to several months. AH3 was observed by Song et al. [85] to precipitate during

hydration of CA2 at ambient temperatures.

In this study different ratios of CA/CA2 were investigated using quantitative

XRD and heat flow calorimetry. Combination of data from both experimental

methods led to the result that the heat contribution during hydration from disso-

lution of each phase for itself could be described by calculation from standard

enthalpies of formation for CA, CA2 and the hydrate phases.

4.2.3 Material and methods

For the synthesis of CA and CA2, CaCO3 (Sigma-Aldrich) and α-Al2O3 (Alfa

Aesar) were homogenized in a vibrating disk mill with agate tool according to

their stoichiometric composition. Both mixtures were decarbonated for about

17 h at 1000◦C ± 30◦C. CA and CA2 were sintered two times, for 4 h and 5 h

respectively, at 1400◦C ± 30◦C with a milling process taking place between the

first and the second sinter process. CA and CA2 were ground to a specific surface

of 3200 cm2/g ± 300 cm2/g (CA) and 4500 cm2/g ± 300 cm2/g (CA2) respec-

tively, as specified using the Blaine method. CA and CA2 were quantified to be

of >98.7% crystallinity. The quantified amorphous content in the initial syn-

thetic phases is lower or equal to the error associated with the G-factor method

itself. ZrSiO4 (Alfa Aesar), which was employed as an inert filler for hydration

experiments was heated two times for 4.5 h at a temperature of 1100◦C ± 30◦C

in order to optimize the crystallite size of the material. ZrSiO4 was used becau-

se of the similarity between its mass absorption coefficient1 (MAC) and that of

the phases of the model mixtures. The MAC of ZrSiO4 amounts to 82.95 cm2/g

and is easily comparable to the MAC of the synthetic CAC phase composition

(ranging from 57.0 to 81.1 cm2/g, see Table 4.4). Amounts of 90-80 wt.-% filler

1The mass absorption coefficients of all phases were calculated from data given in the Inter-
national Tables for Crystallography [74]
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were added to the mixtures to simulate and better understand CAC hydration

occurring for commonly used LCC compositions.

The mixtures as listed in Table 4.4 were homogenized in a horizontal vibrating

mill, using a Teflon tool together with ø1 mm steel balls in order to improve

the effect of homogenization. The very high specific surface area of the ZrSiO4

powder (d50 = 0.2 µm) strongly controls the needed amount of mixing water to

obtain the desired rheology for the investigation. The w/s-ratio of 0.45 was cho-

sen to obtain a castable rheology without plasticizing additives. In dependence

of the amount of filler this led to w/c ratios between 2.25 and 4.5, which are

commonly used for CAC hydration in a low-cement castable (LCC) application.

Table 4.4: Absolute phase composition in wt.-% of synthetic CACs with filler ZrSiO4
for the dry mix and for the paste (w) with a w/s ratio of 0.45. The last row shows the
resulting MACs in cm2/g.

synth. CAC CA CA2 ZrSiO4 H2O sample MAC
(10/0) 10.0 - 90.0 - 81.1
w(6.9/0) 6.9 - 62.1 31.0 59.1
(10/10) 10.0 10.0 80.0 - 78.0
w(6.9/6.9) 6.9 6.9 55.2 31.0 57.0
(15/5) 15.0 5.0 80.0 - 78.7
w(10.3/3.4) 10.3 3.4 55.2 31.0 57.4

For heat flow calorimetry and in-situ XRD measurements the homogenized mix-

tures and the mixing water were equilibrated at 23◦C ± 0.2◦C. A mixing time

of 1 min was chosen for all preparations. All heat flow measurements were re-

corded with an Erlanger calorimeter (quadruple design, [57]) and evaluated with

Origin 8.5. The in-situ XRD measurements were performed using the D8 dif-

fractometer equipped with Lynx-Eye position sensitive detector (Bruker AXS).

For instrumental parameters see Table 4.5. After mixing the paste was prepa-

red in a specimen carrier using the frontloading method. The diffractometer was

equipped with a Peltier element to ensure controlled measurement condition of

23◦C± 0.2◦C. In order to prevent evaporation of water during measurement the

specimen was covered, in addition with Kapton film.

Quantitative phase analysis was performed by combination of Rietveld refine-
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Table 4.5: Instrumental parameters for in-situ XRD.

Device: D8, Bruker AXS
Type of detector: Lynx-Eye, Bruker AXS
Conditions: 23◦C ± 0.2◦C
Type of X-ray radiation: Cu Kα

Type of goniometer: Θ /Θ
Voltage / Current: 40 kV / 40 mA
Scanning range: 7–40 ◦ 2Θ

Step size: 0.0236 ◦ 2Θ

Time per step: 0.58 s
Primary divergence slit: 0.3 ◦

Primary soller slit: 2.5 ◦

ment (Topas 4.2, Bruker AXS) and the G-factor method [43]. The G-factor me-

thod uses an external standard that makes it possible to determine all single cry-

stalline components on an absolute scale independently from other components

and especially from amorphous phases. The G-factor method uses only the re-

fined Rietveld scale factors of the standard material and the known phases. Ac-

cording to O’Connor and Raven [71] the scale factor s j of the Phase j is directly

proportional to the phase content c j, where the density is described by ρ j and the

cell volume by Vj. The MAC µ∗ of the whole paste (model mixture and water)

can be calculated from its known chemical composition.

c j = s j ·
ρ j ·V 2

j ·µ∗

G
(4.7)

As C2AH8 and C2AH7.5 are not calculated from structural data during refine-

ment, but rather as hkl phases without quantitative content in the Rietveld re-

sults, the G-factor was a very suitable method for the independent quantification

of CA and CA2. The factor G was determined with very gently ground Si pow-

der from a silicon wafer. For the already well determined phases CA, CA2 and

ZrSiO4 the structure data sets listed in Table 4.6 were used for quantification.

For calculation of the heat flow from quantitative XRD quantification data for

CA and CA2, there were employed the hydration reactions (4.8) and (4.9) for

CA and CA2 at a hydration temperature of 23◦C. A simultaneous hydration of
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Table 4.6: Structure data sets used for the Rietveld refinement

Phase ICSD Reference
CA 260 Hoerkner and Mueller-Buschbaum [39]
CA2 14270 Goodwin and Lindop [29]
ZrSiO4 158108 Kolesov et al. [55]

the hydraulic phases and precipitation of hydrate phases was assumed for the

purposes of calculation. At the investigated hydration temperature of 23◦C pre-

cipitation of CAH10 my compete with the precipitation of C2AH8. But formation

of CAH10 which shows its strongest reflection at 12.5◦ 2Θ was not observed in

our investigated samples.

2CA+11H→C2AH8 +AH3 (am.) (4.8)

2CA2 +17H→C2AH8 +3AH3 (am.) (4.9)

C2AH8→C2AH7.5 +0.5H (4.10)

The resulting enthalpies of reaction (∆HR) for the hydration of CA and CA2

can be calculated from their corresponding enthalpies of formation (∆H0
f , Table

4.7):

∆HR(CA) = -693 J/g

∆HR(CA2) = -498 J/g

The heat flow can be calculated by combining the derivative of the quantitative

phase of CA and CA2 as established by XRD with ∆HR according to equation

(4.11) [38]. The calculated enthalpies of reaction ∆HR had to be divided through

3.6, because all heat flow results are presented in mW/g and time axes are defi-

ned in hours.

HF =
1

100
· dPhaseXRD

dt
· ∆HR

3.6
·1.45 (4.11)
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Table 4.7: Enthalpies of formation in kJ/mol used for calculation of the heat flow.

Phase ∆H0
f Reference

CA -2323 Coughlin [15]
CA2 -4023 Hemingway [35]
H -286 Holleman and Wiberg [40]
C2AH8 -5433 Lothenbach et al. [58], Matschei et al. [61]
AH3 -2578 Matschei et al. [61]

As all in-situ quantification results are shown for the paste composition, the

water-amount has to be subtracted when calculating the heat flow and is repre-

sented by the multiplication factor 1.45.

4.2.4 Results

Heat flow calorimetry for the hydration of CA - CA2 mixes

Figure 4.8 shows the heat flow in combination with the heat of hydration for the

mixtures (10/0) and (10/10) at a w/s of 0.45 together with their heat of hydration.

The standard deviation for the heat of hydration after 22 h (H22h) was determined

from three independently measured data sets. The plotted curves are in each case

the averaged curves.

The heat flow of the mixture (10/0) consisting of CA alone, without CA2, (re-

presented by the black solid line) reaches an induction period after the initial

period, followed by the main reaction after 1.8 h. The main reaction displays

a maximum after 2.4 h, with a maximum heat flow of 6 mW/g, related to the

amount of solid material (CA and filler). After the main reaction, the heat flow

slowly decreases, reaching the baseline after approximately 14 h. From 14 h to

22 h, no heat flow could be recorded. The mixture (10/10) with 10 wt.-% CA and

10 wt.-% CA2 exhibits a very similar behaviour to the above up to 2.4 h. After

this, however, with the decrease of the main reaction, the exhibited behaviour

becomes different. After 14 h, when the heat flow of (10/0) drops down to the

baseline, (10/10) still produces heat of about 0.5 mW/g. The comparison of the

respective heat of hydration curves with one another reveals quite considerable
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Figure 4.8: Heat flow (solid lines) and heat of hydration (dotted lines) for the mixtures
(10/0) and (10/10). w/s = 0.45; T = 23◦C

differences between (10/0) without CA2 and (10/10) with 10 wt.-% CA2 added.

The heat of hydration for (10/0) reaches a plateau of 67 J/g after 14 h of hydrati-

on. In the case of (10/10), the heat of hydration continues to increase even after

22 h and no plateau can be observed after 22 h. This indicates clearly that the

hydration reaction still continues even after the measurement time of 22 h.

The comparison of (10/10) and (15/5) is shown in Figure 4.9 for a longer hy-

dration time of 45 h . The mixture with 15 wt.-% CA and 5 wt.-% CA2 (15/10)

exhibits a much more pronounced main reaction than does the mixture (10/10),

with a significant maximum heat flow of 10.6 mW/g.

After approximately 7 h the heat of hydration curve of (15/5) exhibits a lower

inclination than does the curve of (10/10). After 33 h, however, the heat of hy-

dration curves of (10/10) and (15/5) intersect one another. Finally (10/10), the

mix with a lower CA content than (15/5), proves surprisingly, to release mo-

re heat (121 J/g) after 45 h than does (15/5). Furthermore, the heat of hydration

curves for both the mixtures containing CA2 - namely, (10/10) and (15/5) - show

that, even after 45 h, heat flow can be measured, with no plateau being reached

up to that point in time.
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Figure 4.9: Heat flow (solid lines) and heat of hydration (dotted lines) for the mixtures
(10/10) and (15/5). w/s = 0.45; T = 23◦C

In-situ XRD of CA - CA2 mixes

The in-situ XRD quantifications of the phases CA (a) and CA2 (b) during hy-

dration of the synthetic CAC w(6.9/6.9) are shown in Figures 4.10a and 4.10b.

The data points of the curves and error bars represent the mean values of the two

phases respectively, with, in each case, a standard deviation of three measure-

ments. The red dotted bar at the top in Figures 4.10 and 4.11 represents the mean

value of the initial content as persisting until the point when the main reaction

begins. The lower red dotted bars in Figures 4.10a and 4.11a, on the other hand,

represent the mean value of the remaining CA at the end of the experiment. As

the hydration of CA2 still continues after 22 h, the dotted bar in Figures 4.10b

and 4.11b indicates the last determined value at 22 h.

The change of quantitative CA content in mixture w(6.9/6.9), which is plotted in

Figure 4.10a, clearly goes to demonstrate that CA begins to dissolve very rapidly

after 2 h, which coincides with the onset of a short and very rapid main reacti-

on. After this point in time, the hydration rate of CA decreases slowly and CA

reaches a minimum value of 2.4 wt.-% after approximately 8 h. Subsequently,

CA content remains at the same value during the hydration until the end of the
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measurement period after 22 h. During the first 8 h of hydration 4.4± 0.8 wt.-%

CA is being dissolved, which can be attributed to the main reaction of mixture

w(6.9/6.9). With respect to the mean value at the beginning of the hydration,

(6.8 wt.-%) 65 ± 12 rel.-% CA are dissolved and 35 rel.-% remain unhydra-

ted. Figure 4.10b shows the quantitative data for the dissolution of CA2, which

begins at the same time, namely after 5 h, when the dissolution of CA is slowly

decreasing. Once the dissolution of CA2 has begun, the hydration rate exhibits

no change and proceeds continuously. After 22 h, of the 6.9 wt.-% CA2, which

was present in the mixture at the beginning of the measurement, 2.6± 0.2 wt.-%

has been dissolved. This corresponds to a dissolution of 38± 3 rel.-% CA2 after

22 h of hydration with a w/s ratio of 0.45.

The results for the hydration of the synthetic CAC mixture w(10.3/3.4) in Figu-

re 4.11 display patterns very similar to those displayed by mixture w(6.9/6.9).

Hydration of CA begins once again simultaneously with the starting point of the

main reaction, approximately 2 h after mixing with H2O. The hydration rate of

CA is very high within the first 2 h period and then decreases after 4 h, reaching

a minimum value of 3.8 wt.- CA after 8 h. In the CA-rich mixture w(10.3/3.4) a

total quantity of 6.6± 1.0 wt.-% CA was dissolved during the first 8 h of hydra-

tion. When we consider the initial amount of 10.4 wt.-% and the final residual

amount of 3.8 wt.-% remaining after 22 h, we may conclude that a total of 63 ±

10 rel.-% CA was dissolved within the whole 22 h period. As already observed

in the case of w(6.9/6.9), the reduction of the CA hydration rate after the heat

flow maximum indicates the starting point of CA2 hydration. Also in the case

of this mixture w(10.3/3.4) the hydration rate of CA2 continues without change

and proceeds until the end of the measurement period. The difference between

the initial amount of 3.4 wt.-% and the final residual amount remaining after 22

h (2.2 wt.-%) leads to the conclusion that 1.2± 0.4 wt.-% CA2 was dissolved in

total. This is equivalent to a relative dissolution of CA2 amounting to 35 ± 11

rel.-%.

The normalized scale factors of C2AH8 and C2AH7.5 which were determined
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Figure 4.10: In-situ XRD quantification of the synthetic CAC mixture w(6.9/6.9): Dis-
solution of CA (a) and CA2 (b) for hydration with w/s = 0.45; T = 23◦C

during refinement of the synthetic CAC mixture w(6.9/6.9), are shown in Figure

4.12. Each data set of C2AH8 and C2AH7.5 was normalized by defining the ma-

ximal scale factor to 1. AH3, according to equations (4.8) and (4.9), should also

have been formed, could not be detected at any point within 22 h of hydration.

This indicates that AH3 is formed as an amorphous AHx-gel but which was not

detected by X-ray diffraction.

The scale factors of the forming hydrate phases C2AH8 and C2AH7.5 shown in
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Figure 4.11: In-situ XRD quantification of the synthetic CAC mixture w(10.3/3.4): Dis-
solution of CA (a) and CA2 (b) for hydration with w/s = 0.45; T = 23◦C

Figure 4.12 are normalized to 100 %. The scale factors for these phases we-

re refined with an hkl-phase approach. They cannot be related directly without

calibration to an absolute quantity of hydrates formed during hydration. Nevert-

heless, very useful information is yielded by this data concerning the formation

of hydrates with respect to hydration time. The precipitation of C2AH8 begins

at the same time as the main reaction, which was recorded by heat flow calori-

metry, and also at the same time as the dissolution of CA after 2 h. After heat

flow attains its maximum, the C2AH8 content decreases, this possibly being a
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by TOPAS from refinement as hkl-phases for w/s = 0.45; T = 23◦C

result of dehydration of C2AH8 to become C2AH7.5, as per equation (4.10).

Precipitation of C2AH7.5 then starts at 2.5 h later than precipitation of C2AH8.

The amount of C2AH7.5 continuously increases and at approximately 14 h the

precipitation rate decelerates.

Calculation of heat flow from dissolution data of CA2 and CA in the syn-

thetic CAC mixtures

Preliminary to calculation of the heat flow, the quantitative data of the CA and

CA2 dissolution during the first 22 h of hydration of the synthetic CAC mixes

were smoothed out using a FFT-Filter. Subsequently, the derivative dCA/dt was

formed from the smoothed-out curve. Since the main reaction begins with a

very abrupt slope, only a very low degree of smoothing-out could be applied

for the CA data curve. This is the reason for the relatively high noise in the

derivative curve prior to and after the main reaction between 2 and 4 h. From

Figures 4.10a and 4.11a it can be seen that after the main reaction CA content is

stable at a certain value. After this point of time heat flow was calculated to be

equal to zero. In order to demonstrate this, the calculated heat flow from the CA
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dissolution was cut off as soon as the plateau of the remaining CA content was

reached. The same procedure was followed with the CA2 data curve, so as to

demonstrate the time-dependent changes of the quantitatively determined CA2

dissolution. The derivative data curves of CA and CA2 thereby formed were then

inserted, in a second step, into equation (4.11). For the heat flow calculation of

CA this would result in the following equation:

HFCA =
1

100
· dCA

dt
· −693J/g

3.6
·1.45 (4.12)

The comparison of the measured heat flow (black line) with the calculated heat

flow of the synthetic CAC mixture (10/10) is shown in Figure 4.13, which is

composed of contributions from the CA hydration (red line) and CA2 hydration

(blue line). As dissolution and precipitation are assumed to occur simultaneous-

ly, it is necessary only to calculate the dissolution of CA and CA2 according

to the already-mentioned equations (4.8) and (4.9). Heat flow calculations of

technical and synthetic OPC (Jansen et al. [44]) could reveal that in case of the

aluminate reaction the dissolution of the cement phases and precipitation of the

hydrate phase do not occur simultaneously. But for our investigated CAC mix-

tures we found no indication for a time shift between dissolution-precipitation

process. The sum of the heat flow calculated from the dissolution of both pha-

ses is represented by the gray dashed line. It can be clearly seen that the first

maximum attained by the heat flow is brought about mainly by the hydration

of CA. The maximum of the calculated heat flow is shifted to 0.5 h later than

for the measured heat flow, which is slightly more pronounced and higher than

the calculated one. The calculated heat flow of CA reaches the baseline after 10

h. However, the heat flow as calculated from the CA2 dissolution begins at the

same point in time as that at which the CA dissolution achieves its maximum

rate. After this point CA2 dissolves continuously and then increases slowly up

to a level of 0.5 mW/g after 13 h. This concords with the measured heat flow.

The results of the heat flow calculation for the synthetic CAC mixture (15/5)
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Figure 4.13: Synthetic CAC mixture (10/10): Comparison of the measured heat flow
(black) and the calculated heat flow contributions from dissolution of CA (red) and
CA2 (blue) for w/s = 0.45; T = 23◦C

are shown in Figure 4.14. Once again, it can be observed that the calculated

maximum of heat flow, which mainly results from CA dissolution, appears at

2.25 h, whereas the maximum of the measured heat flow appears at 1.75 h. The

time shift between both curves is thus about 0.5 h. It can also be seen that the

slope of the main reaction as measured rises more steeply than does that of the

calculated one. The gradient of the measured slope at the beginning of the main

reaction is lower. The calculated heat flow rises to a value of 11 mW/g and then

decreases slowly, finally reaching the baseline after 9 h. Since (15/5) contains

only 5 wt.-% CA2, the calculated heat flow of CA2 is quite low, with only 0.25

mW/g at the heat flow maximum. Figures 4.13 and 4.14 underline the different

behaviours, as regards hydration kinetics, of CA and CA2. CA dissolves very

rapidly once the main reaction has begun. The hydration of CA2, on the other

hand, is characterized predominantly by a very slow and lengthy reaction.
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Figure 4.14: Synthetic CAC mixture (15/5): Comparison of the measured heat flow
(black) and the calculated heat flow contributions from dissolution of CA (red) and
CA2 (blue) for w/s = 0.45; T = 23◦C

4.2.5 Summary and discussion

Hydration of CA2

The influence of CA2 on the heat flow during hydration of synthetic CAC, which

is shown in Figure 4.8, is best observed after the main reaction, due to CA dis-

solution. We were able to prove, in the case of the mixture investigated by us

(10/10), which contained 10 wt.-% CA and 10 wt.-% CA2 at the beginning of

hydration, CA2 was dissolved later - approximately after 4 h - and very slow-

ly compared to CA. The synthetic CAC mixture (10/0) without CA2 shows no

further reaction after 14 h of hydration. After this time, the heat of hydration

reaches a plateau and no more heat is released as a result of CA dissolution,

although CA is still available. The replacement of 10 wt.-% of the filler ZrSiO4

by 10 wt.-% CA2 had no influence on the starting point of main reaction but

heat flow increased significantly at and after the maximum. The overall heat

of hydration is also higher in the mix with CA2 (Figure 4.8). The in-situ XRD
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results are very helpful in proving that the hydration of CA2 does not begin un-

til the maximum heat flow from CA hydration is attained. After this point in

time, the much slower-reacting calcium aluminate phase CA2 becomes respon-

sible, together with the precipitation of the hydrate phases C2AH8 / C2AH7.5

and AH3, for the evolution of heat flow. After 22 h, the hydration of CA2 is still

proceeding.

Hydration of CA

A more detailed look at the relative amounts of dissolved CA, as presented in

Figures 4.10a and 4.11a, reveals that, during the main reaction, the two disso-

lutions of this phase in the synthetic CAC mixtures w(6.9/6.9) and w(10.3/3.4)

respectively are comparable with one another. In mixture w(6.9/6.9) 65 rel.-%

of CA has been dissolved and 35 rel.-% remains present after the main reaction

after 22 h. Exactly the same situation can be observed for the CA-dominated

mixture w(10.3/3.4), although more CA is present in this latter. That leads to

the strong hypothesis that the used w/c ratio between 2.25 and 4.5 is probab-

ly not the limiting factor for further CA hydration. In both mixtures, the same

synthesized CA was employed in the various synthetic CAC.

As CA is usually known for better hydraulic reactivity than CA2, the result ar-

rived at here - namely, that CA is only dissolved partially before CA2 hydration

starts and no further dissolution of CA could be observed during the first 22 h

of hydration - is a very surprising one. It is conceivable that, due to the very

rapid reaction of CA, a protective layer of AHx-gel tends to be formed around

the remaining particles. Such effects during the hydration of CA have already

been reported in some works. Rettel et al. [76] examined the hydration of CA

with differential calorimetric analysis and 27Al-NMR spectroscopy. They repor-

ted a degree of CA hydration of about 40 wt.-% after 24 h although at 20◦C

the hydrate phase CAH10 and at 40◦C the hydrate phases C2AH8 and am. AH3

were formed during hydration. The decreased hydration degree was explained

by reference for both reactions to the dense microstructure of the hydration pro-
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ducts. These products temporarily cover the unhydrated particles, which tends to

hinder further hydration [25]. Moehmel [63] also used 27Al-NMR spectroscopy

to investigate the hydration degree of CA and determined a value of 23 wt.-%

after 24 h. The different hydration degree can be caused by a different grain size

and therefore a different reactivity of the CA used. Moehmel [63] described a

diffusion controlled process after the main reaction, caused by the low surface

of precipitated hydrate phases. Trettin et al. [90] reported a decrease of specific

surface directly after the maximum of the main reaction. Also Gosselin [30] in-

vestigated a low-Fe CAC and even reported the presence of CA after 300 days of

hydration time at 20◦C by qualitatively comparing the peak area intensity. All

these investigations explain the decreasing hydration rate of CA by a hydrate

layer around the CA particles. But it may also be thinkable that the complete

hydration of CA is hindered due to changes of pore solution composition by

precipitation of not crystalline hydrates.

Calculated heat flow from QXRD data

The calculation of heat flow performed shows that it is possible to calculate se-

parately the heat flow curves for dissolution of CA and CA2 based on the in-situ

XRD quantification results together with the selected thermodynamic data ac-

cording to reactions equations (4.8) and (4.9). The agreement of calculated heat

flow compared with the experimental one between 1.5 and 4 h and between 12

and 22 h is good. The overall heat flow calculated from the dissolution of CA

and CA2 and their precipitation as C2AH8 concord not perfectly with the he-

at flow as measured by heat flow calorimetry. The heat flow maximum can be

ascribed to the released heat of reaction from CA hydration and C2AH8 preci-

pitation. With the increase in the amount of CA from 10 wt.-% to 15 wt.-%, the

heat flow produced during the main reaction shows a more pronounced maxi-

mum. This can be observed from both curves in Figure 4.14, i.e. the measured

heat flow as well as the calculated heat flow. Another interesting result is that the

measured heat flow after the main reaction is directly dependent on the amount
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of CA2 in the synthetic CAC mixture.

The hydration model

Summing up our results, we arrive at the following hydration model for the hy-

dration of CA and CA2, an example of which is shown in Figure 4.15 for the

synthetic CAC mixture (10/10). The in-situ XRD results show that no dissoluti-

on of CA and/or CA2 could be detected during the initial period. Additionally,

no crystalline hydrate phase could be detected before to the starting point of the

main reaction. According to Fujii et al. [24], the fraction of hydrated CA, which

was determined by investigating the liquid phase, present at the end of the induc-

tion period accounts for less than 1 % of the absolute amount. It is conceivable

that very small amounts of CA dissolve in order to form a primary reaction layer

of primary formed hydrate phases. Moehmel [63] investigated the composition

of a solution with ICP and was able to confirm a heterogeneous dissolution of

CA during the first 20 min of hydration. Due to a higher solubility of CaO, the

surfaces of the CA particles became richer in Al2O3. Furthermore, he was able

determine a decrease of specific surface area with N2-adsorption measurements

and to find indication of a dense layer of hydration products around the CA par-

ticles. Through agglomeration processes on the surfaces of CA particles, there

occurs precipitation of an Al(OH)3 gel layer. The observed induction period

could be the result of a decreased hydration rate. Other researchers such as Bar-

ret et al. [4], explain the induction period by reference to nucleation problems

of C2AH8 out of solution. In the end, however, we cannot explain, on the basis

of our results, the source of heat flow during the initial period. With the ending

of the induction period there does occur an immense precipitation of C2AH8.

The immediate formation of C2AH8 could be the driving force for further CA

hydration. Due to the massive and very rapid CA hydration reaction, the hydrate

phases cannot precipitate very far from the surfaces of the CA particles and this

may inhibit further hydration. This could also explain the remaining unhydrated

amounts of CA after 22 h.
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Figure 4.15: Hydration model for the hydration of CA and CA2 of the synthetic mixture
(10/10) for w/s = 0.45; T = 23◦C

A lag between approximately 5 h and 10 h between the described heat flows

can be noted from the sum of the calculated heat flow curves shown in Figures

4.13 and 4.14. As the calculated heat flow curves show only the dissolution heat

release of CA and CA2 as determined according to equations (4.8) and (4.9) as

well as the simultaneous precipitations of C2AH8 and AH3, it is conceivable that

the lag may be caused by dehydration of C2AH8 and/or formation of C2AH7.5

(equation (4.10)). To show this, the scaled derivative of the C2AH7.5 scale factor

development is plotted in Figure 4.15 (gray dotted line). The maximum of the

derivative thus formed would partially explain the lag of calculated heat flow

between the main reaction and the secondary reaction.
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4.2.6 Conclusions

In this work, we have been able to show by calculation of heat flow from the

course of dissolution of CA and CA2 (Figures 4.10 and 4.11) that hydration of

CA and CA2 proceeds with a complete different kinetics (Figure 4.15). The sa-

me course of dissolution for both phases can again be observed in the mixes with

various amounts of CA and CA2. There is no change of dissolution behaviour

of CA in the presence of CA2.

The heat flow occurring during main reaction of CAC hydration is brought about

primarily by CA. Almost synchronous with the point of decrease in CA hydra-

tion the starting point of CA2 hydration can be detected. The calculated heat

flow of CA2 shows according to its very slow dissolution a very wide and long

contribution, which is best visible with higher amounts of CA2 in the synthetic

CAC mixture. The origin of heat flow between approximately 5 h and 12 h is

not described by addition of the calculated heat flow curves of CA and CA2. But

we assume that the dehydration of C2AH8 to C2AH7.5 could yield the missing

heat flow during this period.

Hydration of CA proceeds very fast with a sharp heat flow event within 10 h

of hydration. Then after the maximum of the main reaction, the hydration of

CA decreases and comes to an end. After 22 h of hydration in any of our syn-

thetic CAC mixtures about 35 rel.-% CA remains. This remaining CA must be

hindered from further hydration by a dense or impermeable hydrate layer. This

may inhibit further hydration of CA although enough H2O is available and could

explain the remaining not hydrated amounts of CA after 22 h.

In contrast to the observed stop of CA hydration CA2 hydration proceeds longer

than 22 h. We know from investigations that CA2 is completely dissolved after

few days. We assume that the very slow precipitation of C2AH7.5/C2AH8 is oc-

curring not at the particle surfaces of CA2 but from pore solution and therefore

hydration can proceed until CA2 is completely dissolved. The heat flow curves

and heat of hydration curves as calculated from the in-situ XRD quantificati-
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ons demonstrate that CA2 exerts a very pronounced effect on the hydration of

the CACs investigated. This is not surprising when comparing the enthalpies of

reaction ∆HR for CA (-693 J/g) and CA2 (-498 J/g) (equations (4.8) and (4.9)).
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4.3 How to increase the hydration degree of CA -

The influence of CA particle fineness

Klaus, S.R.; Neubauer, J. & Goetz-Neunhoeffer, F. [52]

How to increase the hydration degree of CA - The influence of CA particle fi-

neness

Cement and Concrete Research , 2015, 67, 11-20

4.3.1 Abstract

It is shown that the hydration degree of CA is directly dependent on the fineness

of CA-particles. Finer particles lead to an increased degree of hydration and also

an increased hydration rate.

The reaction of a sample with mainly coarse particles of CA (d50 = 50 µm) is

characterized by a low hydration rate and only 34 rel.-% of CA dissolved after

22 h. Whereas in a very fine CA-sample (d50 = 4 µm) hydration starts delayed

but then shows the highest hydration rate and a dissolution of 62 rel.-% CA. The

behaviour is explained by the coverage of CA-particles with a dense hydrate

layer of C2AHx and AHx. This reacted CA-rim is supposed to have the same

thickness for different sized CA-particles. Optimization of Gauss distribution

curves, which were applied to simulate a more realistic particle size distribution,

leads to a reacted rim thickness of 1.3 µm until reaction is stopped.

4.3.2 Introduction

Monocalcium aluminate (CA) is the main hydraulic phase in CACs and is predo-

minantly responsible for early strength development in products for very diffe-

rent applications, as are low cement castables (LCCs) or chemical binder used in

construction materials. The hydration and dissolution of CA in synthetic cement

mixes containing CA and CA2 were recently investigated [50]. It was confirmed
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that the main reaction of CAC hydration at 23 ◦C is predominantly and initially

caused by the hydration of CA and later followed by the hydration of CA2. The

dissolution is always accompanied by massive precipitation of C2AH8, C2AH7.5

and amorphous AH3 [34, 76, 83]. In the presented results it has been shown that

for all mixes the hydration of CA stopped after the main reaction although 27%

non reacted CA is remaining in the paste, whereas CA2 is continuously dissol-

ving for up to 5 days. It could be shown that the relative amount of remaining

CA is not related to the absolute amount of CA in the mixture as for every in-

vestigated CA containing mixture 63% was dissolved after 24 h.

With N2-absorption measurements Moehmel [63] was able to measure a den-

se layer of hydration products surrounding non-reacted remaining CA. By the

growth of a dense hydrate layer the hydration behaviour of CA above discussed

could possibly be explained. We assume that after the dense hydrate layer rea-

ches a certain thickness CA dissolution decreases strongly. In consequence of

this hypothesis very small particles would be dissolved completely while coar-

ser particles would be surrounded by a dense hydrate layer consisting of hydrate

phases [66]. Due to the incorporated amount of water the dense hydrate layer

would demand more volume than the reacted rim itself. In our study we define

the reacted rim as the loss in radius of CA particles. Due to diffusion controlled

processes further hydration would be slowed down after the dense hydrate layer

has reached a certain thickness. This hypothesis leads to the assumption that a

CA sample with mainly fine particles and particle size distribution (PSD) with

low d50 value should lead to a much lower amount of non-hydrated CA when

compared to a CA sample with mainly coarse particles and a higher d50 value of

PSD.

For this reason the present study is focused on how to change or increase the

hydration degree of CA after mixing with H2O by means of particle fineness.

We investigated the hydration of fine, medium and coarse grain size fractions

of synthesized CA. After characterization of the dry powders by XRD and la-

ser granulometry the hydration reaction was recorded by heat flow calorimetry
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and in-situ XRD. The quantitative phase development of CA during the hydra-

tion was analyzed by the G-factor method [43, 44]. For comparison with the

measured heat flow we calculated the heat flow from QXRD data [38] of CA

dissolution of the three CA powders of different particle fineness.

4.3.3 Material and methods

For the synthesis of monocalcium aluminate (CA), CaCO3 and Al2O3 were ho-

mogenized in a molar ratio of 1:1 with a vibrating disk mill (VDM) with an

agate tool. The raw mix was decarbonized for 17 h at 1000 ± 30 ◦C in a lab

furnace. Then the mix was sintered twice at 1400 ± 30 ◦C interrupted by a mil-

ling process between the first and the second sinter process. Finally the material

was milled by a VDM three times for 8 min. This powdered CA-Bulk was used

as starting material for the preparation of three CA samples with different par-

ticle size distributions. The sample CA-14 was derived by passing the CA-Bulk

through a 30 µm mesh size sieve. The sample CA-50 represents all residual par-

ticles after sieving which did not pass the 30 µm sieve. The sample with very

fine PSD CA-4 was obtained by a milling process of CA-14 for 10 h with the

planetary ball mill (PBM) with an agate tool. The experimental procedure for

the preparation of the different CA samples is shown in Figure 4.16.

The determined particle size distributions (PSD) for all CA samples are shown

in Figure 4.17. The PSD was determined with laser granulometry performed on

a Mastersizer 3000 from Malvern Instruments Ltd. The instrumental parameters

are listed in Table 4.8.

For homogenization purposes of the mixtures containing 20 wt.-% CA (lab syn-

thesized) and 80 wt.-% ZrSiO4 (Alfa Aesar), the dry powder was filled in a Tef-

lon cylinder and homogenized carefully with a horizontal vibrating mill. During

this process no further particle size reduction occurs. ZrSiO4 was added as an

inert filler to stabilize the kinetics of the hydration of CA. Without filler addition

the hydration behaviour of CA is not be well reproducible [81]. The mixtures
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Figure 4.16: Experimental procedure for preparation of the different CA samples CA-
14, CA-50 and CA-4
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Figure 4.17: Particle size distribution for the investigated fractions CA-50, CA-14 and
CA-4

were investigated by heat flow calorimetry using a custom made isothermal ca-

lorimeter (quadruple design) [57]. The dry mixture and the mixing water were
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Table 4.8: Instrumental parameter for laser granulometry.

Refractive index CA: 1.68
Absorption index CA: 0.01
Specific density CA: 2.94 g/cm3

Calculation model: Mie scattering
Dispersion: Isopropanol > 99.5%
Pre-dispersing: Ultrasonic
Dispersing device: Hydro MV
Stirring rate: 1750 rpm
Temperature: 25 ± 2 ◦C
Light obscuration: 15 ± 3 %
Measurement range: 0.01-3.5 mm
Measuring duration: 15 s

equilibrated for at least 3 h at 23 ± 0.2 ◦C. Each mixture was independently

reproduced three times. The measurement of the calorimeter was controlled and

set to 23 ± 0.2 ◦C. The data sets obtained during heat flow measurements were

evaluated with Origin 9G (OriginLab Corporation). For the in-situ XRD inves-

tigation a D8 diffractometer with DaVinci design from Bruker AXS was used.

The instrumental conditions are listed in Table 4.9. During the measurement the

paste was covered with Kapton film to prevent the evaporation of water. The dif-

fractometer was additionally equipped with a Peltier element to ensure the same

temperature conditions as for the calorimetric investigations (23 ± 0.2 ◦C).

Table 4.9: Instrumental parameter for in-situ XRD.

Device: D8, DaVinci, Bruker AXS
Type of detector: Lynx-Eye, Bruker AXS
Conditions: 23◦C ± 0.2◦C
Type of X-ray radiation: Cu Kα

Type of goniometer: Θ/Θ
Voltage / Current: 40 kV/40 mA
Scanning range: 6–40 ◦ 2Θ

Step size: 0.011 ◦ 2Θ

Time per step: 0.275 s
Primary divergence slit: 0.3 ◦

Primary Soller slit: 2.5 ◦

A combination of the Rietveld method [78] (Topas 4.2, Bruker AXS) and the G-

factor method [43, 44, 50, 71] was applied to quantify the data sets as obtained
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during in-situ XRD measurements. The G-factor method is an external standard

method and has the advantage that single crystalline phases can be quantified in

an absolute scale independently from other components and amorphous phases

[6]. The MAC values were calculated on the basis of the International Tables

for Crystallography [74]. The factor G was determined with a Si powder from

NIST (SRM 640d).

C2AH8 and C2AH7.5 were calculated as hkl phases. For the already well deter-

mined phases CA, CAH10 and ZrSiO4 the structure data sets listed in Table 4.10

were used for quantification. Additional hkl-phases were implemented to refine

the intensity contributions obtained through water and the Kapton film. A flow

chart to demonstrate the process of quantification and refinement is shown in Fi-

gure 4.18. The mixes with the samples CA-14 and CA-4 were quantified directly

with the G-factor method. For sample CA-50 which contained coarse particle si-

zes up to 100 µm, scale factors were additionally calibrated by using the known

theoretical starting amount of CA in order to get results comparable to the finer

powders. To ensure comparable scale factors for the hydrate phases C2AH7.5/8,

only the c lattice parameter was refined. The crystallite size and the Lorentzian

strain of C2AH7.5 were coupled for each single range to those of C2AH8. The

space group for the hkl-phases of C2AH7.5/8 was adopted from Kuzelite (R-3H)

[2].

Table 4.10: Structure data sets used for the Rietveld refinement

Phase ICSD Reference
CA 260 Hoerkner and Mueller-Buschbaum [39]
ZrSiO4 158108 Kolesov et al. [55]
CAH10 241210 Christensen et al. [12]

The heat of hydration for the dissolution of CA was calculated from the amount

of dissolved CA after 22 h. As our predominant interest was to quantify CA

dissolution in dependence of particle fineness, the heat of hydration was cal-

culated only for dissolution of CA according to equation (4.13) — not taking

into account the precipitation of any hydrate phases. The heat of reaction was
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Figure 4.18: Used refinement and quantification procedures.

calculated by the use of the enthalpies of formation for the components as lis-

ted in Table 4.11. This results in a heat of reaction ∆HRCA of -530 J/g for the

dissolution of CA.

CaAl2O4 +4H2O⇒Ca2++2Al(OH)−4

↪→ ∆HRCAdiss. =−530 J/g
(4.13)

Table 4.11: Enthalpies of formation in kJ/mol used for calculation of heat of reactions.

Species ∆H0
f Reference

CaAl2O4 -2323 Coughlin [15]
H2O -286 Johnson et al. [45]
Ca2+ -543 Shock et al. [84]
Al(OH)−4 -1504 Wenming et al. [91]
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4.3.4 Results

Purity of synthesized CA samples

The purity and the amount of amorphous material in the three samples CA-

50, CA-14 and CA-4 were determined by XRD and evaluated with the G-factor

method [43] (Table 4.12). The calculated 3 ± 1 wt.-% of amorphous or not

determined material for sample CA-4 is not significant as it is lying in the range

of the detection limit.

Table 4.12: G-factor quantification for the pure phase CA in the samples CA-50, CA-14
and CA-4. All values given in wt.-%.

sample : CA-50 CA-14 CA-4
Crystalline CA: 101 ± 1 100 ± 1 97 ± 1
Amorphous or not determined: 0 ± 1 0 ± 1 3 ± 1

Heat flow calorimetry

Figure 4.19 shows the heat flow investigations as performed with synthetic lab

cements containing 20 wt.-% CA of the different samples CA-50, CA-14 and

CA-4 blended with 80 wt.-% ZrSiO4. All curves are related to the amount of

reactive material (CA) and show the mean curves of three independent measu-

rements. The hydration of sample CA-14 (blue dotted curve) is characterized

by a dormant period after the initial period. After 1.3 h of hydration time the

dormant period rapidly ends and the main reaction starts. The maximum of the

main reaction is measured after 2.1 h with a heat flow of 60 mW/g CA. After the

maximum the heat flow declines continuously and almost reaches the baseline

after approximately 14 h.

Sample CA-50 with the coarsest PSD shows quite different hydration kinetics.

A period of induction instead of a dormant period was measured after the initial

period. A more detailed view of the first three hours of hydration time is given

in Figure 4.20. The main reaction for the hydration of powder CA-50 starts after
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Figure 4.19: Heat flow related to the amount of CA during hydration of CA in three
powders of different fineness (CA-50, CA-14 and CA-4) together with 80 wt.-% ZrSiO4.
w/s = 0.35; T = 23 ◦C

0.8 h — much earlier than for both finer samples. At 20 mW/g CA the sample

CA-50 shows the lowest heat flow during the maximum of the main reaction.

The very fine CA sample CA-4 is characterized by a longer initial period and

an extended dormant period from 2 to 4.2 h. Compared to the coarser samples,

the main reaction of the sample CA-4 starts later. Once the main reaction has

started, the heat flow increases very quickly and reaches a maximum of 130

mW/g CA after 5.4 h. The finest fraction CA-4 showed the highest heat flow

during the maximum. The heat flow of all fractions decreases to the baseline

after approximately 14 h, indicating that all hydration reactions have come to an

end.

As the initial period can be influenced by wetting and stirring heat, the heat of

hydration is calculated from a period of time between 0.2 and 22 h (Figure 4.21).

The hydration reaction of the coarsest CA (CA-50) together with 80 wt.-%

ZrSiO4 exhibits after 22 h the lowest heat of hydration at only 366 J/g CA (com-

pare Figure 4.21). The hydration of CA-14 reaches a heat of hydration 488 J/g

CA after 22 h. The very fine CA which was milled for 10 h (sample CA-4)
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Figure 4.20: Heat flow for the first 3 h related to the amount of CA during hydration of
CA in three powders of different fineness (CA-50, CA-14 and CA-4) together with 80
wt.-% ZrSiO4. w/s = 0.35; T = 23 ◦C

exhibits the highest heat of hydration with 645 J/g CA after 22 h. All heat of

hydration curves reached a plateau after 22 h of hydration. This indicates that

no further or a very minimal hydration reaction is occurring after 22 h.
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Figure 4.21: Heat of hydration related to the amount of CA without the initial period
between 0.2 and 22 h during hydration of CA in the samples CA-50, CA-14 and CA-4
together with 80 wt.-% ZrSiO4. w/s = 0.35; T = 23 ◦C

64



Chapter 4. Results (Publications) Dissertation Sebastian Klaus

In-situ XRD — The dissolution of CA

The G-factor quantification for CA during hydration of the samples CA-50, CA-

14 and CA-4 in a mixture containing 80 wt.-% ZrSiO4 for a w/s-ratio of 0.35

at T = 23 ◦C is shown in Figure 4.22. The quantitative values are related to the

amount of paste including the solid material and the mixing water. Therefore the

starting value for 20 wt.-% CA and a w/s-ratio of 0.35 results in 14.8 wt.-% CA

in paste. Sample CA-14 shows no detectable dissolution of CA during the initial

and the dormant period. A very fast dissolution of CA could then be measured

during the acceleration period which starts approximately after 2 h. After 3 h the

dissolution decreases and then reaches an almost constant content of CA. After

22 h of hydration time around 7.9± 0.5 wt.-% CA is still remaining in the paste

composition. Related to the amount of CA this is equal to 47 rel.-% of dissolved

CA after 22 h.

The hydration kinetics from the coarse sample CA-50 is different by that of

sample CA-14. In accordance with the heat flow the dissolution of CA begins

directly after the initial period. The dissolution rate of CA-50 is lower. Appro-

ximately 9.7 ± 0.5 wt.% of CA is remaining after 22 h, which corresponds to a

dissolution of 34 rel.-% CA.

The main reaction of sample CA-4 starts very retarded after 6 h of hydration but

then with a higher rate than for sample CA-14. After approximately 7 h the dis-

solution decreases continuously. 5.6 ± 0.5 wt.-% CA is remaining in the paste

composition after 22 h which corresponds to a dissolution of 62 rel.%.
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Figure 4.22: In-situ G-factor quantification during hydration of CA-50, CA-14 and CA-4
for a w/s = 0.35 at T = 23 ◦C. All amounts are related to the paste.

In-situ XRD — The development of C2AH8 and C2AH7.5

The crystalline hydrate phases formed during the hydration of CA in the mixture

containing 20 wt.-% CA-14 and 80 wt.-% ZrSiO4 for a w/s-ratio of 0.35 at 23 ◦C

were C2AH8 and C2AH7.5. Crystalline AH3 was not observed during hydration

and therefore it is assumed to be amorphous. The crystal structures of C2AH8

and C2AH7.5 are not sufficiently described for the classical Rietveld refinement

methods. Therefore their scale factors were calculated as hkl-phases during refi-

nement. The obtained scale factor for each phase is proportional to its quantity.

As hkl-phases for C2AH8 and C2AH7.5 were refined similarly the scale factors

can be compared but cannot give absolute quantitative information. Figure 4.23

shows the mean scale factors of the phases C2AH8 and C2AH7.5 as a function

of time during hydration of sample CA-14.

The fast precipitation of C2AH8 after 2 h is correlated with the acceleration pe-

riod of the main reaction. After 2.5 h the rate of C2AH8 precipitation decreases

and after 4.7 h dissolution of C2AH8 occurs. During further hydration the disso-

66



Chapter 4. Results (Publications) Dissertation Sebastian Klaus

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2
0 . 0

0 . 1

0 . 2

0 . 3

0 . 4

0 . 5

Me
an

 sc
ale

 fa
cto

r [a
.u.

]

T i m e  [ h ]

 M e a n  s c a l e  f a c t o r  f o r  C 2 A H 8
 M e a n  s c a l e  f a c t o r  f o r  C 2 A H 7 . 5

w / s  =  0 . 3 5 ;  T  =  2 3 ° C

P h a s e  d e v e l o p m e n t  o f  C 2 A H 8  a n d  C 2 A H 7 . 5  d u r i n g  h y d r a t i o n  o f  s a m p l e  C A - 1 4
w / s  =  0 . 3 5 ;  T  =  2 3 ° C

Figure 4.23: Scale factors in arbitrary units (a.u.) for the hydrate phases C2AH8 and
C2AH7.5 as refined during the Rietveld routine during hydration of 14.8 wt.-% CA-14
and 59.2 wt.-% ZrSiO4 for a w/s = 0.35 at T = 23 ◦C.

lution rate slows down and the scale factor reaches a plateau value after appro-

ximately 18 h. The formation of C2AH7.5 starts with a very slow precipitation

but then becomes faster as soon as dehydration of C2AH8 is observed.

4.3.5 Discussion and Interpretation

Summary of results from heat flow calorimetry and in-situ XRD

The hydration of the different CA samples can be assigned to three different

kinetics (a-c).

(a) Coarse CA (sample CA-50)

The hydration of the very coarse CA begins without any dormant period.

The dissolution of CA begins shortly after the initial period and then pro-

ceeds very slowly but continuously (Figure 4.22). After 22 h approximately

only 34 rel.-% of the CA was dissolved (see Figure 4.24).

(b) Medium fine CA (sample CA-14)

The hydration of the CA with intermediate particle size distribution is cha-
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racterized by a clear dormant period between the initial period and the main

reaction (Figure 4.20). Dissolution of CA until the starting point of the main

reaction could not be detected by XRD (Figure 4.22). Once the main reac-

tion has started after 1.3 h, the hydration proceeds quickly and is accom-

panied by dissolution of CA and by C2AH8, C2AH7.5 and amorphous AHx

precipitation. After the maximum of the main reaction C2AH8 is dehydra-

ted to C2AH7.5 (compare Figure 4.23). Approximately 47 rel.-% of CA was

dissolved after a hydration time of 22 h.

(c) Very fine CA (sample CA-4)

The very fine CA sample is characterized by an increasing heat flow shortly

after the initial period (Figures 4.20 and 4.21) which is accompanied by

a detectable dissolution of CA (Figure 4.22). After the initial reaction, the

dissolution proceeds very slowly for about 5 h. Finally after 7 h a very fast

and pronounced dissolution of CA occurs. After 22 h approximately 38 ± 3

rel.-% non-hydrated CA remains in the paste.
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Figure 4.24: Dissolved amount of CA in wt.-% related to the amount in the paste after
a hydration time of 22 h. Determined with the G-factor method at a w/s of 0.35 at T =
23 ◦C.

We could observe in all three samples that not all present CA is dissolved after

the main reaction, although enough H2O would be available. This has already
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been observed in a preceding study [50]. We assume the formation of a pro-

tective dense hydrate layer of AHx-gel and C2AHx around the remaining CA

particles. This may be caused by the very fast hydration reaction of CA. Inves-

tigations of CA hydration with differential calorimetric analysis and 27Al-NMR

spectroscopy were performed by Rettel et al. [76]. The authors reported a de-

gree of hydration of about 40% after 24 h of hydration time. This low degree

of hydration was explained by the dense microstructure of the hydration pro-

ducts. The authors assume that these dense products cover the non-hydrated CA

particles and that further hydration is hindered [25]. A hydration degree of 23

wt.-% which was also determined by 27Al-NMR spectroscopy was observed by

Moehmel [63]. These differences in the observed degree of dissolution are like-

ly to have their origin in the different grain size of CA particles thus resulting in

different reactivity as shown in our results above. Investigations of low-Fe CAC

hydration at 20 ◦C by [30] revealed even after 300 days of hydration time a clear

presence of CA by qualitatively comparing the peak area intensities of the CA

peaks.

The hydration mechanism of CA during the initial reaction and the dormant

period was - and is still - being discussed by many authors. The anhydrous pha-

se CA seems to dissolve in very low amounts during the initial reaction without

precipitation of any crystalline hydrate phases such as C2AH8 or AH3 [82]. This

could be proven in the study by Klaus et al. [50]. After the initial period, namely

during the dormant period, only very low and not detectable amounts of C2AH8

and AHx-gel can precipitate but with the result that the concentration of Ca2+

and Al3+ in the pore solution will drop below the level of supersaturation which

would be needed for precipitation of the hydrate phases. With further slow dis-

solution of CA their concentration in solution will increase. But with time the

C2AH8 nuclei will exceed critical size and massive precipitation of the hydrate

phases will occur. With N2-absorption measurements Moehmel [63] was able

to find a dense layer of hydration products surrounding the CA particles during

the induction period. He stated that through the agglomeration process on the
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surfaces of the particles, precipitation of an Al(OH)3 gel layer will occur. Fujii

et al. [24] reported that the fraction of hydrated CA at the end of the induction

period counts for less than 1% of the absolute amount.

However the results of the investigation clearly show that the amount of dissol-

ved CA shortly after the initial period is related to the particle fineness of CA.

With the medium fineness the potential dissolution of CA was not detectable

with XRD. However, for the very fine CA we could detect noticeable dissoluti-

on of CA during and directly after the initial period but without any precipitation

of hydrate phases. Crystalline hydrate phases were detected the first time during

the main reaction.

Heat of hydration calculation based on QXRD data

The theoretical heat of hydration after 22 h for the samples CA-50, CA-14 and

CA-4 was calculated based on the amount of dissolved CA (compare Figure

4.24). The amount of dissolved CA increases significantly from coarse to fine

(see Figures 4.22 and 4.24). As described earlier in equation (4.13) this calcula-

tion includes only heat from the dissolution of CA, without taking into account

any formation of hydrate phases.

As the calculated heat of hydration is directly proportional to the dissolved

amount of CA, the highest heat of hydration after 22 h could be calculated du-

ring hydration of sample CA-4 in Figure 4.25 (339± 20 J/g CA). Sample CA-50

exhibited the lowest heat of hydration at just 188 ± 20 J/g CA. Sample CA-14

lies, at 255± 18 J/g CA, between both values. In comparison with the measured

heat of hydration calculated heat of hydration from dissolution of CA is always

lower. This is explainable because the measured heat of hydration includes the

heat which is produced during dissolution of CA as well as the precipitation and

conversion of the hydrate phases.

The ratio of the calculated heat of hydration from dissolution of CA and the heat

of hydration as measured during heat flow calorimetry shows a very interesting
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Figure 4.25: Comparison of the calculated heat of hydration as determined for the dis-
solution of CA with the measured heat of hydration from heat flow calorimetry. All data
are evaluated after 22 h. w/s = 0.35; T = 23 ◦C.

correlation. For all three investigated different samples 52% of the measured

heat of hydration is covered by the calculated heat of hydration based on CA

dissolution (Figure 4.26). This means that 48% of the heat of every mixture

is based on precipitation of the hydrate phases and conversion of C2AH8 to

C2AH7.5.
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Figure 4.26: Ratio of the calculated heat of hydration and the measured heat of hydra-
tion. Around 50 % of the overall heat of hydration is formed during dissolution of CA
without the formation of any hydrate phases. w/s = 0.35; T = 23 ◦C.
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The very constant ratio between the calculated heat of hydration and the measu-

red heat of hydration indicates that after 22 h a corresponding amount of hydrate

phases must have formed related to the dissolved amount of CA for any of the

samples. To prove this, the ratio of the scale factors as determined for the hydra-

te phases C2AH7.5 and C2AH8 was evaluated. Table 4.13 shows the averaged

scale factor ratio of C2AH7.5/C2AH8 during hydration of CA in fractions CA-

50, CA-14 and CA-4 in a mix with 80 wt.-% ZrSiO4 for a period of time ranging

from 15 to 22 h. For all three different fine samples of CA the ratio of formed

C2AH7.5/C2AH8 after the main reaction is very comparable and reaches a ratio

of approximately 2 after 22 h of hydration time. This clearly confirms a similar

ratio of precipitated hydrate phases for any investigated CA sample as suggested

above by the result shown from the ratio between calculated and measured heat

of hydration (Figure 4.26) for the same samples.

Table 4.13: Averaged scale factor (SF) ratio of C2AH7.5/ C2AH8 of the samples CA-50,
CA-14 and CA-4 for a hydration time period from 15 to 22 h

sample SF ratio C2AH7.5/ C2AH8

CA-50 1.9 ± 0.1
CA-14 2.3 ± 0.2
CA-4 2.1 ± 0.5

Thickness of the reacted CA rim

The discussed results lead to the hypothesis that a protective dense hydrate layer

is formed during hydration surrounding the CA particles. The dense hydrate

layer is assumed to consist of colloidal AHx-gel and C2AHx. The simplified

hydration model for pure CA hydration is shown in Figure 4.27. Assuming that

the reacted rim for all CA samples has the same thickness, finer particles would

lead to smaller CA particle relics (particle B) or — if the smallest CA particles

(A) were dissolved completely — less remaining CA after the main reaction.

All particles with a diameter exceeding twice the thickness of the reacted rim

would remain as relics (particles B).
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Hydration

Reacted rim

Remaining CA in core

CA particles

Mixing water

A

B

Figure 4.27: The hydration model for the hydration of CA particles in different particle
size distribution. The CA particles are dissolved from surface to inside (reacted rim).

Unfortunately, data from specific surface area measurements with laser granu-

lometry can not directly be applied for calculation of the reacted rim thickness.

Surface area measurement data is related to the assumption that all surfaces of

any particles are fully available and free. This is not the case in a real cement

paste. A cement with relatively fine particles will normally tend to agglomera-

te thus reducing the surficial areas available for hydration. This is illustrated in

Figure 4.28. In order to calculate the effect of agglomeration on the degree of

hydration during setting time Zheng et al. [93] performed a computer simulation

based on the Monte Carlo approach. They concluded that agglomeration of fine

particles significantly decrease the degree of hydration because of encapsula-

ted colloidal formations which are comparable to the non-water filled regions in

Figure 4.28. Scherer et al. [80] stated that all hard-core / soft-shell simulations

tend to overestimate the hydration degree of fine cement powders. The authors

concluded that an agglomeration effect has to be taken into account and can not

be neglected for calculation of the theoretically possible cement hydration.

Another important effect which has to be taken into account is an increased sur-

face area due to cracks and pores. Assuming that all cracks and pores as part of

the reacted rim have similar dimensions for small and big particles, the surfaces

of bigger particles contain more cracks and pores than small particles (compare

Figure 4.28). Any deviation from a plain surface at the beginning and during
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dissolution will lead to an increase in accessible surface area. The combination

of these two different circumstances leads to the effect that for small particles

the available surfaces are lower and on the other hand the surfaces for bigger

particles are higher than surface area measurement data would predict.

4 cracks9 cracks

Predominant effect:
agglomeration

Predominant effect:
increased surface area

Very fine fraction Very coarse fraction

CA particle

water accesible
for CA surfaces

non-water filled
regions

Increased surface area
through cracks and pores

Figure 4.28: Illustration of agglomeration effect for very fine fraction in the left box.
Non-water filled regions due to agglomeration are indicated by red colour. For very
coarse particles the effect of increased surface area is predominant.

For the calculation of the residual diameter of the CA particle after the main

reaction and the width of the reacted rim Gaussian curves were applied to repre-

sent the particle size distribution of the three samples CA-50, CA-14 and CA-4

after 22 h of hydration time. For the diversity of the Gaussian curves 1/4 of

the expected value was used. The applied equation for the Gauss distribution

is shown in Equation (4.14). The static variable σ represents the expected d50
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and µ the deviation which is for all fractions dependent on the expected d50:

µ = σ/4.

1
σ
√

2π
e−

1
2(

x−µ

σ )
2

(4.14)

The factor σ was refined with min / max minimization (Solver in Excel) to find

an estimated d50 for all three fractions before hydration. The result of the opti-

mization refinement is plotted in Figure 4.29 and shows the calculated Gaussian

curves, which would correspond to the PSD of the samples CA-50, CA-14 and

CA-4 before hydration. As the starting value for the expected σ the measured

d50 value from laser granulometry was used. The result of d50 after refinement

showed a higher available surface area for sample CA-50 and lower d50 of 21

µm than the measurement from laser granulometry. The available surface area

for the very fine sample CA-4 fitted best for the higher d50 of 10 µm. The cu-

mulative volume of all three Gaussian curves was calculated to 100%. These

corrections perfectly fit the effects caused by agglomeration of fine particles (re-

duction of available surfaces) and the increased available surfaces due to pores

and cracks which predominantly occur with bigger particles.

In the next step the residual diameter of the CA particles encapsulated by a

dense layer of hydrate phases was refined. The CA particles were assumed to

be spherical and the loss of CA volume by dissolution is best described as a

reacted shell (3-D) or as rim for two-dimensional illustration. For the refinement

of the thickness of the rim the determined remaining amounts of CA in the

three CA samples after 22 h of hydration from in-situ QXRD (Figure 4.22) were

used. The refined reacted rim thickness of 1.3 µm showed the best results in

accordance with the in-situ XRD and heat flow calorimetry observations. The

loss of CA particle volume due to the reacted rim is shown in Figure 4.30. In

consequence of the final result of the optimization we can assume that particles

with a diameter less than 2.6 µm can be dissolved completely during hydration

reaction. For particles bigger than 2.6 µm in diameter the dissolved volume of
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Figure 4.29: Calculated Gaussian curves representing particle size distributions fitting
samples CA-50, CA-14 and CA-4. The very fine fraction refined best for d50 of 10 µm
(reduced available surface) and the coarse fraction for d50 of 21 µm (increased available
surface). The dotted curves represent the cumulative volume which is calculated for
each fraction to 100%.

the particle is related to the size of particles before hydration. Generally the

remaining volume of CA after 22 h must be higher for bigger particles than for

smaller. The simulated particle size distribution without the subtracted reacted

rim of 1.3 µm is plotted in grey (Figure 4.30).

The cumulative volume-% (dotted curves) is calculated for a reacted rim with a

thickness of d = 1.3 µm. The refined data of the coarsest sample CA-50 shows

the highest residual CA volume of 66%. This corresponds with the remaining

relative amount of CA determined by QXRD after a hydration time of 22 h. The

refined data of the sample with medium fineness (CA-14) suggest a remaining

volume of 53% whereas for the sample with the highest fineness (CA-4), 38%.

Also those results fit with the data as obtained during in-situ XRD quantification.
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Figure 4.30: Remaining CA particle volumes after refinement for a thickness of the
reacted rim of 1.3 µm. The cumulative volume (dotted curves) represents the summed
up volume which are in accordance with the remaining amount of CA in the samples
CA-50, CA-14 and CA-4 after 22 h of hydration.

4.3.6 Conclusions

In this work we have been able to show by heat flow calorimetry, in-situ XRD

and by heat flow calculations that the amount of dissolved CA during the main

reaction of CA hydration is dependent on the fineness of the CA particles. Finer

particles lead to an increased degree of hydration and increase the rate of hydra-

tion during the main reaction itself. With very fine particles (d50 = 4 µm) a first

dissolution of CA appears shortly after the initial period which leads to a lon-

ger period of induction for the first hour of hydration time. Moreover, for such

fine particles the starting point of the main reaction is noticeably retarded but is

characterized by a much higher rate (Figure 4.19, heat flow measurements) and

degree of hydration (Figure 4.22, dissolution of CA).

The starting point of the main reaction for very coarse particles of CA (d50 = 50

µm) is observed to appear very close to the initial period and is accompanied by
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precipitation of C2AH8 and C2AH7.5. The main reaction itself is characterized

with a very slow rate of hydration and only very low amounts of CA (34 rel.-%)

were dissolved after 22 h. The results lead to the hypothesis that during the main

reaction the CA particles are covered with a dense hydrated layer consisting of

hydration products (AHx and C2AHx). The percentage of reacted CA (reacted

rim) is supposed to have the same thickness for all particles in any investigated

CA powder. During calculations based on Gauss distribution curves which we-

re applied to simulate a better realistic particle size distribution, a reacted rim

thickness of 1.3 µm showed the best fit to describe the amounts of residual CA

after a hydration time of 22 h. Moreover it could be shown that the hydrati-

on degree of fine particles is limited through agglomeration. It can be assumed

that the addition of dispersing agents should additionally increase the degree of

hydration for fine particles.

We could show that the hydration degree of CA is directly dependent on the

fineness of CA particles. Fine particles lead to a higher degree and rate of hy-

dration than coarse particles.

4.3.7 Acknowledgements

The authors wish to acknowledge Almatis for their financial support.

78



Chapter 5

Further Discussion

In the publications which were detailed in the previous chapters basic findings

concerning CAC hydration have been presented. However, there are still some

observations which are not completely explained. In this chapter further discus-

sion is provided based on the following keynotes:

• In Klaus et al. [50] heat flow calculations were successfully applied for

the hydration reactions of CA and CA2. It is also described that for a

time period from approximately 5 to 10 h the measured heat flow exceeds

the calculated one. It is assumed that the surplus of heat flow is due to

precipitation of C2AH7.5. C2AH7.5 was not part of heat flow calculations

but was clearly observed in XRD investigations.

• In Klaus et al. [52] it is shown that approximately 50 % of the measured

heat of hydration is based on the dissolution reaction of CA. The remai-

ning 50 % have its origin in the precipitation of the hydrate phases and

their conversion.

• In order to evaluate the lag of described heat flow, quantification of C2AH7.5

and C2AH8 is mandatory. However, the mineralogical structures of C2AH7.5

and C2AH8 are yet not sufficiently described for classical Rietveld refine-

ment. The following discussion is intended to present a method for the
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quantification of the hydrate phases C2AH7.5 and C2AH8. Based on this

method, heat flow calculations were performed and the enthalpy of for-

mation for C2AH7.5 was determined.

5.1 Heat flow contributions during CA hydration -

a non simultaneous approach

In Figures 5.1 and 5.2 it is shown that the main reaction of CAC hydration is

dominated by the CA hydration reaction (Equation 5.1). Whereas, the period

of time after the main reaction is mainly influenced by the hydration of CA2

(Equation 5.2). A lag of heat flow between approximately 5 and 10 h can be

noted between the calculated heat flow contribution and the measured heat flow

of the lab cement mixtures. The missing heat flow is supposed to have its origin

in the conversion reaction of C2AH8 forming C2AH7.5 after Equation 5.3.
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Figure 5.1: Synthetic CAC mixture (10/10): Comparison of the measured heat flow
(black) and the calculated heat flow contributions from dissolution of CA (red) and
CA2 (blue) for w/s = 0.45; T = 23◦C (Same as Figure 4.13 on page 47)
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Figure 5.2: Synthetic CAC mixture (15/5): Comparison of the measured heat flow
(black) and the calculated heat flow contributions from dissolution of CA (red) and
CA2 (blue) for w/s = 0.45; T = 23◦C (Same as Figure 4.14 on page 48)

2CA+11H→C2AH8 +AH3 (am.) (5.1)

2CA2 +17H→C2AH8 +3AH3 (am.) (5.2)

C2AH8→C2AH7.5 +0.5H (5.3)

To calculate the heat flow for C2AH8 and C2AH7.5 a quantification of both pha-

ses is necessary. As already shown in Table 4.13 on page 72 the ratio of C2AH7.5

and C2AH8 will reach a fix value after approximately 20 h of hydration time.

To ensure comparable scale factors for the hydrate phases C2AH7.5/8, only the

c lattice parameter was refined. The crystallite size and the Lorentzian strain

of C2AH7.5 were coupled for each single range to those of C2AH8. The space

group for the hkl-phases of C2AH7.5/8 was adopted from Kuzelite (R-3H) [2].

For the investigated mixture containing 20 wt.-% CA and 80 wt.-% ZrSiO4 with

a water to solid ratio of 0.35 and measured at 23◦C a C2AH7.5 to C2AH8 ratio of
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2.3 was obtained. With the given ratio and under the assumption that the dissol-

ved amount of CA is completely used for the precipitation of C2AH8, C2AH7.5

and AH3, the amount of C2AH8 and C2AH7.5 can be calculated after Equation

5.4 valid after 22 h of hydration time. On this basis the scale factors obtained

during the Rietveld refinement were calibrated and a quantification of the hy-

drate phases was performed. Thus, a dissolution of 6.9 wt.-% CA after 22 h lead

to a phase composition as shown in Table 5.1.

2CA+11H→ 0.3C2AH8 +0.7C2AH7.5 +AH3 +0.35H (5.4)

Table 5.1: Quantification based on Eq. 5.4 and a dissolved CA amount of 6.9 wt.-%
after 22 h

Hydrate phases Quantification
C2AH7.5 5.3 wt.-%
C2AH8 2.3 wt.-%
AH3 3.4 wt.-%

Figure 5.3 shows the quantification of the hydrate phases C2AH8 and C2AH7.5

based on the calibrated scale factors obtained by Rietveld refinement. The re-

sults after 22 h of hydration time are in good agreement with the theoretically

calculated values shown in Table 5.1.
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Figure 5.3: Quantification of C2AH8 and C2AH7.5 based on the calibrated scale factors.
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For further heat flow calculations the dissolution of CA and precipitation / dis-

solution of the hydrate phases were calculated separately. This approach has the

advantage that the heat development for each phase can be tracked separately.

Moreover it has been shown in Klaus et al. [50] and Klaus et al. [52] that pre-

cipitation of C2AH7.5 occurs when the precipitation C2AH8 has already started.

This time-shift makes a non-simultaneous approach mandatory. The dissoluti-

on of CA is described in Equation 5.5, whereas the precipitation of the hydrate

phases out of solution are described in Equations 5.6, 5.7 and 5.8 as reported by

Lothenbach et al. [59].

CaAl2O4 +4H2O→Ca2++2Al(OH)−4 (5.5)

2Al(OH)−4 → 2Al(OH)3 +2OH− (5.6)

2Ca2++2Al(OH)−4 +2OH−+3H2O→C2AH8 (5.7)

2Ca2++2Al(OH)−4 +2OH−+2.5H2O→C2AH7.5 (5.8)

The enthalpies of formation listed in Table 5.2 were used for heat flow calcu-

lations. The quantitative data points were determined with the G-factor method

in combination with the calibrated scale factors. As a next step the QXRD data

was fitted with the program Fityk [92] and the derivative curves were calculated.

Table 5.2: Enthalpies of formation in kJ/mol used for calculation of heat of reactions.

Species ∆H0
f Reference

CaAl2O4 -2323 Coughlin [15]
H2O -286 Johnson et al. [45]
C2AH8 -5433 Lothenbach et al. [58], Matschei et al. [61]
AH3(am.) -2562 Lothenbach et al. [58]
Ca2+ -543 Shock et al. [84]
OH− -230 Shock et al. [84]
Al(OH)−4 -1504 Wenming et al. [91]

Applying the heat of formations on the their respective equations leads to the

following heat of reactions:
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For the dissolution of CA: ∆HR(CA diss.) = -530 J/g
For the precipitation of AH3: ∆HR(AH3 prec.) = -94 J/g
For the precipitation of C2AH8: ∆HR(C2AH8 prec.) = -61 J/g

5.1.1 Application of an experimental determined heat of for-

mation for C2AH7.5

The heat of formation for C2AH7.5 was determined with the the tool Solver

in Excel on basis of the quantified amount of C2AH7.5. For this approach Eq.

5.8 was applied which describes the precipitation of C2AH7.5 out of solution.

The obtained heat of formation was then fitted by comparison with the heat

flow as measured with the heat flow calorimetry. An enthalpy of formation of

∆H0
f (C2AH7.5) = -5380 kJ/mol showed the best fit with the measured heat flow.

This led to a heat of reaction for C2AH7.5 precipitation of ∆HR(C2AH7.5 prec.) =

-320 J/g.

The calculated heat flow contributions for the hydration of a mixture containing

20 wt.-% CA and 80 wt.-% ZrSiO4 for a w/s of 0.35 at T = 23◦C on the basis of

the determined heat of hydration for the precipitation of C2AH7.5 are shown in

Figure 5.4.

The heat flow maximum of the main reaction is mainly caused by the dissoluti-

on heat of CA according Equation 5.5 as well by the precipitation of AH3 and

C2AH8 (Equations 5.6 and 5.7). As already stated in Figure 4.15 on page 52 the

heat flow which is exceeded for the precipitation of C2AH7.5 delivers a broad

heat flow contribution after the maximum up to 16 h of hydration time.

It is noticeable that the calculated heat flow for C2AH8 reaches negative va-

lues after approximately 4 h of hydration time. This is due to the dissolution of

C2AH8 shown in Figure 5.3 which is an endothermic process.
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Figure 5.4: Calculated heat flow contributions for the hydration of 20 wt.-% CA and 80
wt.-% ZrSiO4 for a w/s of 0.35 at T = 23◦C. The heat flow contribution for C2AH7.5 is
calculated with an enthalpy of formation of ∆H0

f (C2AH7.5) = -5380 kJ/mol.

5.1.2 Application of a heat of formation for C2AH7.5 as pu-

blished by Lothenbach et al. [59]

Under consideration of new published data for C2AH7.5 by Lothenbach et al.

[59] the initial ∆HR for the precipitation of C2AH7.5 was recalculated. The aut-

hors report an enthalpy of formation for C2AH7.5 of -5278 kJ/mol. This seems

to be close to the experimental determined enthalpy of formation (-5380 kJ/mol)

but leads with ∆HR(C2AH7.5 prec.) = -28 J/g to a complete different heat of re-

action.

Figure 5.5 shows the calculation of the heat flow contributions for the same mix-

ture as used in Figure 5.4 but calculated with the enthalpy of formation as pu-

blished by Lothenbach et al. (-5278 kJ/mol). As the heat flow contributions are

calculated independently from each other, the contribution for the precipitation

of C2AH7.5 is the only affected one. With the new applied enthalpy of formation
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for C2AH7.5, its heat flow contribution is very minimal and near to the baseli-

ne. This would lead to the assumption that heat release due to precipitation of

C2AH7.5 is very low and not comparable with the data of the first calculation.

Moreover, this stands in contrast to the observed heat flow measurements which

always show additional and yet not described heat flow after the maximum of

the main reaction. In-situ XRD investigations presented in the Figures 4.10 and

4.11 on pages 43 and 44 showed that the additional heat cannot be correlated to

the dissolution of CA. This leads to the assumption that the missing heat must

have its origin in a precipitation and/or dissolution of hydrate phases.
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Figure 5.5: Calculated heat flow contributions for the hydration of 20 wt.-% CA and 80
wt.-% ZrSiO4 for a w/s of 0.35 at T = 23◦C. The heat flow contribution for C2AH7.5 is
calculated with an enthalpy of formation of ∆H0

f (C2AH7.5) = -5278 kJ/mol.

5.1.3 Both heat of formations for C2AH7.5 in comparison

The summed heat flow curves including the individual heat flow contributions

for both calculations are shown in Figure 5.6. The heat flow curve measured with

heat flow calorimetry is presented as the black dashed curve. The maximum du-
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ring the main reaction is for both calculated heat flow curves very comparable

and fits well with the measured heat flow maximum. The additional heat flow

during the deceleration period is better described with the heat flow calcula-

ted with an enthalpy of precipitation for C2AH7.5 of -5380 kJ/mol (red curve).

With the enthalpy of formation of ∆H0
f (C2AH7.5) = -5278 kJ/mol (green curve)

the deceleration period shows a considerable lag of described heat flow when

compared to the measured heat flow (black dashed curve).
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Figure 5.6: Summed up heat flow calculations with an enthalpy of formation for
C2AH7.5 of -5380 kJ/mol (red curve) and -5278 kJ/mol (green curve) in comparison
with the measured heat flow (black dashed curve); w/s = 0.35; T = 23◦C

All calculated heat of hydration contributions for the mixture containing 20 wt.-

% CA and 80 wt.-% ZrSiO4 for a w/s of 0.35 at T = 23◦C are shown in Figure

5.7. The dissolution of CA is the main heat producing reaction (black curve)

when compared to the precipitation of the hydrate phases. After a hydration

time of 22 h a heat of hydration of 50 J/g is calculated for the dissolution of

CA which is relatively 52% compared to the measured heat of hydration after

22 h (96 J/g). This result is in good agreement with the results as shown in
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publication [52] (compare Figure 4.26 on page 71). Approximately 48% of the

overall heat development must be contributed to the precipitation or conversion

of the hydrate phases. The sum of all heat contributions including the dissolution

of CA and precipitation of the hydrate phases is represented by the solid orange

curve (calculated with ∆H0
f (C2AH7.5) = -5380 kJ/mol). The slope of the heat

development is close to the measured heat of hydration development but there is

still 11 J/g missing after 22 h of hydration time.
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Figure 5.7: Calculated heat flow contributions during hydration of mixture containing
20 wt.-% CA, 80 wt.-% ZrSiO4 for a w/s of 0.35 at T = 23◦C. Heat of hydration for the
dissolution of CA in black, the precipitation of AH3 in red, of C2AH7.5 in blue and of
C2AH8 in green. The sum of all heat flow contributions is shown by the solid orange
curve. The dotted orange curve represents the sum of all heat flow contributions but
calculated with ∆H0

f (C2AH7.5) = -5278 kJ/mol.

The dotted orange curve represents the sum of heat development calculated with

∆H0
f (C2AH7.5) = -5278 kJ/mol. The slope of the curve is very similar to the heat

of hydration development for the pure dissolution of CA. The additional heat

given by the precipitation of hydrate phases is very minimal. The heat of hydra-
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tion calculations lead to only 64 J/g resulting in a missing heat of 32 J/g after 22

h of hydration time when compared with the measured heat of hydration.

The results show that the hydration kinetics during the hydration of CA still

needs to be investigated in more detail for a complete understanding of the

hydration process. Especially the mechanisms occurring during the conversion

from C2AH8 to C2AH7.5 are still unclear but are of great importance to under-

stand the long-term hydration of CAC.
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Chapter 6

Summary & Conclusions

Based on the performed investigations the following conclusions with respect to

the research keys formulated in Chapter 2 can be drawn:

i. How does the addition of fine filler material influences the hydration of cal-

cium aluminate cement?

Previous investigations have shown that the addition of chemical inert filler

ensures a good reproducibility of the main reaction and of its starting point.

In this work it is clearly shown that with increasing content of fine fillers

of very high specific surface area the dormant period is shortened and the

starting point of the main reaction is shifted to earlier points in time. The

addition of filler with very high specific surface area or high concentrati-

ons of filler with high specific surface area results in an induction period

with low heat flow. Whereas a filler characterized by relative low specific

surface area exhibits negative heat flow values during a dormant period and

thus strongly indicates nucleation difficulties for those mixtures (see Fig.

6.1).

For stable nucleation an energy barrier defined by the interfacial energy and

the volume free energy has to be overcome. This process consumes energy

which will lead to negative heat transfer. By addition of filler with higher
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Figure 6.1: Heat flow development for the hydration of the mixtures containing
20 wt% CAC and different ratios of F-1a to F-7 showing negative heat flow for
the addition of 0 and 10 wt% F-7; w/s = 0.275; T = 23◦C.

specific surface area, the surfaces available for heterogeneous nucleation

will increase. This results in a lower energy barrier for precipitation of sta-

ble nuclei. Therefore the development of stable nuclei will consume less

energy and nucleation rate will increase.

ii. Clarify the hydration kinetics of CA and CA2 by investigations performed

on a synthetic calcium aluminate cement.

It is shown by calculations of heat flow from the course of dissolution of

CA and CA2 that hydration of CA and CA2 proceeds with complete dif-

ferent kinetics (see Figure 6.2). The same course of dissolution for both

phases can again be observed in the mixes with various amounts of CA and

CA2. Moreover, the investigations showed that the dissolution behaviour of

CA does not change in the presence of CA2.

The heat flow occurring during the main reaction of CAC hydration is cau-

sed primarily by the hydration reaction of CA. The first dissolution of CA
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Figure 6.2: Hydration model for the hydration of CA and CA2 of the synthetic
mixture (10/10) for w/s = 0.45; T = 23◦C [50]

is accompanied by fast precipitation of C2AH8 and AHx. As soon as the

hydration of CA reached its maximum rate and starts to decrease, disso-

lution of CA2 occurs. Simultaneously, dehydration of C2AH8 leads to an

increase of C2AH7.5 at the expense of C2AH8. The calculated heat flow

of CA2 shows according to its very slow dissolution a very wide and long

contribution, which is best visible with higher amounts of CA2 in the lab

synthesized CAC mixture.

Hydration of CA proceeds very fast with a sharp heat flow event. Then after

the maximum of the main reaction, the hydration of CA decreases and co-

mes to an end. After 22 h of hydration in any of our synthetic CAC mixtures

about 35 rel.-% CA remains. In contrast to the observed stop of CA hydra-

tion CA2 hydration proceeds longer than 22 h. The heat flow curves and

heat of hydration curves as calculated from the in-situ XRD quantifications
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demonstrate that CA2 exerts a very pronounced effect on the hydration of

the CACs investigated and can not be neglected concerning CAC hydration

as it is often the case in literature.

iii. Proposal of C2AH8 and C2AH7.5 hydration kinetics and their heat contri-

bution during CAC hydration.

A lag between approximately 5 h and 10 h between the described heat flows

can be noted from the sum of the calculated heat flow curves shown in Figu-

re 6.2. As the calculated heat flow curves show the dissolution heat release

of CA and CA2 as determined according to equations (4.8) and (4.9) as

well as the simultaneous precipitations of C2AH8 and AH3, it is conceiva-

ble that the lag may be caused by dehydration of C2AH8 and/or formation

of C2AH7.5. To show this, the scaled derivative of the C2AH7.5 scale factor

development is plotted in Figure 6.2 (gray dotted line). The maximum of

the derivative thus formed would partially explain the lag of calculated heat

flow between the main reaction and the secondary reaction.

The amount of heat flow which is released by C2AH7.5 formation cannot

be easily described yet as structural data for C2AH7.5 is not available at

the moment. However, a method to calculate the heat flow development of

C2AH7.5 is presented in this thesis. The heat contributions calculated for

the hydration of a synthesized CAC cement with a CA/CA2-ratio of 0.5 are

shown in Figure 6.3. The heat contribution exceeded during the conversion

of the hydrate phases is calculated based on the experimental determined

enthalpy of formation of ∆H0
f (C2AH7.5) = -5380 kJ/mol. The heat of hy-

dration contributions plotted at the bottom of the hydration model in Figure

6.3 show that the calculated heat of hydration describes the slope of the
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measured heat of hydration curve very good.
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Figure 6.3: Calculated heat contributions of CA and CA2 during hydration of
a synthesized CAC model (CA/CA2-ratio = 0.5) for a w/s of 0.45 at T = 23◦C.
Heat flow (HF) contributions at the top and heat of hydration contributions at
the bottom (after Klaus et al. [51])

iv. Clarification of the limiting factor for the CA hydration degree.

In Klaus et al. [50] it is shown that for the investigated mixtures the amount

of remaining CA content is independent of the initial CA concentration.

In any case approximately 35 rel.-% were dissolved. The remaining CA

must be hindered from further hydration by a dense or impermeable hydra-

te layer of AHx and C2AHx. This theory is supported by several publicati-

ons by investigators such as Rettel et al. [76], Moehmel [63] and Gessner

et al. [25]. The dense hydrate layer may inhibit further hydration of CA

although enough H2O is available and could explain the remaining not hy-

drated amounts of CA after 22 h. For CA2 it is assumed that the very slow

precipitation of C2AH7.5/C2AH8 is occurring not at the particle surfaces of

CA2 but from pore solution and therefore hydration can proceed until CA2

is completely dissolved.
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Based on the dense hydrate layer it is supposed that the percentage of reac-

ted CA (reacted rim) is supposed to have the same thickness for all particles

in any investigated CA powder. The simplified hydration model for pure CA

hydration is shown in Figure 6.4. Assuming that the reacted rim for all CA

samples has the same thickness, finer particles would lead to smaller CA

particle relics (particle B) or - if the smallest CA particles (A) were dissol-

ved completely - less remaining CA after the main reaction. All particles

with a diameter exceeding twice the thickness of the reacted rim would re-

main as relics (particles B). A similar CA particle size distribution will lead

to a similar hydration degree. This was the case for the mixtures investiga-

ted in Klaus et al. [50] and confirmed in the in-situ XRD investigations.

Hydration

Reacted rim

Remaining CA in core

CA particles

Mixing water

A

B

Figure 6.4: The hydration model for the hydration of CA particles in different
particle size distribution. The CA particles are dissolved from surface to inside
(reacted rim). [52]

v. How to increase the hydration degree of CA?

The investigations lead to the hypothesis that the reacted rim of CA par-

ticles has the same thickness for every particle sizes. This would mean that

finer CA particle lead to an increase of hydration degree, as already shown

in Figure 6.4 .

In Klaus et al. [52] it is confirmed by heat flow calorimetry, in-situ XRD and

by heat flow calculations that the amount of dissolved CA during the main

reaction of CA hydration is dependent on the CA particle size. It is shown
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that smaller CA particles lead to an increased degree of hydration. For CA

with a d50 of 50 µm a hydration degree of 34 rel.-% was calculated. A d50

of 14 µm resulted in 47 rel.-% and a d50 of 4 µm in 62 rel.-% (compare

Figure 6.5).
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Figure 6.5: Dissolved amount of CA in wt.-% related to the amount in the paste
after a hydration time of 22 h. Determined with the G-factor method at a w/s
of 0.35 at T = 23 ◦C. CA-50: d50 = 50 µm, CA-14: d50 = 14 µm and CA-4: d50
= 4 µm. [52]

vi. How does the CA particle fineness change the CA hydration kinetics?

In addition to the increased degree of hydration with finer CA, the rate of

hydration during the main reaction itself is accelerated. For CA with very

fine particles (d50 = 4 µm) the starting point of the main reaction is noticea-

bly retarded but is characterized by a much higher rate, as shown in Figure

6.6.

The starting point of the main reaction for very coarse particles of CA (d50

= 50 µm) is observed to appear very close to the initial period. In any case

the main reaction is accompanied by precipitation of C2AH8 and C2AH7.5.

The results of the investigation clearly show that the amount of dissolved

CA shortly after the initial period is related to the particle fineness of CA.

With the medium fineness (d50 of 14 µm) the potential dissolution of CA

was not detectable with XRD. However, for the very fine CA (d50 of 4 µm)
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Figure 6.6: Heat flow related to the amount of CA during hydration of CA in
three powders of different fineness (CA-50, CA-14 and CA-4) together with 80
wt.-% ZrSiO4. w/s = 0.35; T = 23 ◦C [52]

noticeable dissolution of CA during and directly after the initial period was

detected but without any precipitation of hydrate phases. Crystalline hydrate

phases were detected the first time during the main reaction.

vii. Determine the thickness of the reacted rim of CA particles in dependence of

their particle size.

The results shown in this work lead to the hypothesis that the CA particles

are covered during the main reaction with a dense hydrated layer consisting

of hydration products (AHx and C2AHx). The hydrated shell of the CA par-

ticles (reacted rim) is supposed to have the same thickness for all particles

in any investigated CA powder (see Figure 6.4). During calculations based

on Gauss distribution curves which were applied to simulate a particle size

distribution, a reacted rim thickness of 1.3 µm showed the best fit to des-

cribe the amounts of residual CA after a hydration time of 22 h (see Figure

6.7). Moreover it was shown that in addition to the reaction rim, the degree

of hydration is further limited due to agglomeration effects of very small

particles. It can be assumed that the addition of dispersing agents should

98



Chapter 6. Summary & Conclusions Dissertation Sebastian Klaus

additionally increase the degree of hydration for fine particles.

1 1 0 1 0 0
0 . 0

0 . 5

1 . 0

1 . 5

2 . 0

Vo
lum

e %

f r a c t i o n  [ µ m ]

 I n i t i a l  g a u s s i a n  c u r v e s
S i m u l a t e d  v o l u m e  r e d u c t i o n  o f  C A  g r a i n s  f o r  a  r e a c t i o n  r i m  o f  1 . 3  µ m

0

5 0

1 0 0

C A - 4 :  3 8  V o l %

C A - 1 4 :  5 3  V o l %

 C u m u l a t i v e  v o l u m e  f o r  f r a c t i o n  C A - 5 0
 C u m u l a t i v e  v o l u m e  f o r  f r a c t i o n  C A - 1 4
 C u m u l a t i v e  v o l u m e  f o r  f r a c t i o n  C A - 4

Cu
mu

lat
ive

 Vo
lum

e %

C A - 5 0 :  6 6  V o l %

Figure 6.7: Remaining CA particle volumes after refinement for a thickness of
the reacted rim of 1.3 µm. The cumulative volume (dotted curves) represents
the summed up volume which are in accordance with the remaining amount of
CA in the samples CA-50, CA-14 and CA-4 after 22 h of hydration. [52]
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The dehydration mechanism of C2AH8 and the precipitation of C2AH7.5 were

not completely solved in this work. Their are strong indications that the missing

heat flow (compare Figure 4.15 on page 52 and Figure 6.3 on 95) has its origin

in the conversion of the hydrate phases (C2AH8 to C2AH7.5). Nevertheless, the

calculated heat flow contributions for the precipitation / dehydration of C2AH8

and C2AH7.5 do not satisfactorily fit the measured heat flow (compare Figure 5.7

on page 88) and the experimental determined enthalpy of formation of C2AH7.5

does not match with the one published by Lothenbach et al. [59]. Further inves-

tigation would be necessary to completely understand the kinetics of the hydrate

phases in order to assign their heat flow contributions.

In this work new and basic findings concerning the hydration mechanism of

calcium aluminate cement have been presented. It is shown that CA2, a clinker

phase which was often treated as a non reactive material, plays an important role

during the hydration of CAC and hence the presence of CA2 cannot be neglected

concerning the hydration of CAC mixes. Moreover, the hydration degree of the

main reactive phase in CAC (CA) is highly dependent on its particle size distri-

bution where smaller CA particles lead to a much higher degree of hydration.

Accordingly the hydration degree of CA was significantly improved by CA with

small particle sizes. The mechanisms leading to a dormant period between the

initial period and the main reaction are still in discussion and are not completely

solved. In this work strong indications were found that the dormant period is

the result of nucleation problems of the hydrate phases. The increase of surfaces

available for heterogeneous nucleation realized by the addition of fine filler ma-

terial results in a shorter dormant period or a period of induction with positive

heat flow.
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Much is already known about the hydration of monocalcium aluminate (CA) in calcium aluminate cements
(CACs). CA2 is known to be weakly hydraulic. Therefore, the hydration kinetics of CA2 were not of as great
interest as those of the hydration of CAC. We were able to show that the hydration of CA2 begins as soon
as the hydration rate of CA has reached its maximum and the first precipitation of C2AH8 has started. The hy-
dration of different CA/CA2 ratios was analyzed by the G-factor quantification. The individual contributions of
the phases CA and CA2 to the heat flow were calculated based on the amounts dissolved by applying thermo-
dynamic data. The heat flow as calculated from XRD data was then compared with the measured heat flow. It
obtained a good consistency between the two. The very pronounced influence of CA2 during hydration of CAC
can be clearly demonstrated.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The main use of calcium aluminate cement (CAC) is in applications
which require substances which combine the advantages of casting at
ambient temperatures with excellent performance at temperatures
above 1700 °C. CACs with 70–80 wt.% Al2O3 can be used to produce
castables with a temperature resistance ranging from 1800 °C to
1900 °C. In order to improve technical performance, low-cement cast-
ables (LCC) were developed in the mid 1980s. A very low cement con-
tent of 5–8 wt.% is a common feature of such LCCs. It also proved that
it is possible to achieve a significant strength improvement in these
LCCs by optimizing the particle packaging, that is to say, by the mixing
of coarser particles with finer filler particles.

Themain hydraulic phase of all CACs and LCCs is CA. The specific hy-
dration product which tends to be formed by this CA is strongly depen-
dent on ambient temperatures. According to several studies, the initial
hydration product emerging within the temperature range between
0 and 20 °C is predominantly CAH10 [1,2] together with amorphous
AHx. After longer hydration periods the amorphous phases can convert
into crystalline phases, such as CAH10, C2AH8/C2AH7.5 and AH3 [3–5]. In
the temperature range between 20 and 30 °C C2AH8 and AH3 are the
prevailing hydration products. In the temperature range between 30
and 90 °C, however, it is predominantly hydrogrossular C3AH6 together
with AH3 that is precipitated [6]. According to the phase equilibrium [7]
CAH10 and C2AH8/C2AH7.5 are metastable phases which will finally be

converted into stable C3AH6. In refractory applications the conversion
into hydrogrossular (C3AH6) plays no role because the hardened cast-
able will always be heated up before use. In white, Al2O3-rich CACs
monocalcium dialuminate (CA2) is the second main phase which
emerges. CA2 tends to react very slowly within the first 48 h. For this
reason, in many earlier studies it has been the hydration of CA alone
that has been intensively investigated. For a long time the hydration
of CA2 was an open issue [8] and CA2 was even assumed to be inert.
Then different investigators such as [9–11] reported hydraulic reactivity
of CA2, although the reactivity reported was a lower one than the reac-
tivity of CA. Chudak et al. [12] also investigated pure CA2 with 70 wt.%
Al2O3, using the DCA technique, and describes a slow CA2 hydration
over several days. Negro et al. [13] concluded that the solubility of CA2

ismuch lower than that of CA. This could explain the very lowhydration
reaction of CA2. Edmonds and Majumdar [14] reported hydraulic activ-
ity of CA2 in Secar 71, beginning after 28–48 h and lasts up to several
months. AH3 was observed by Song et al. [15] to precipitate during hy-
dration of CA2 at ambient temperatures.

In this study different ratios of CA/CA2 were investigated using
quantitative XRD and heat flow calorimetry. Combination of data from
both experimental methods led to the result that the heat contribution
during hydration from dissolution of each phase for itself could be de-
scribed by calculation from standard enthalpies of formation for CA,
CA2 and the hydrate phases.

2. Material and methods

For the synthesis of CA and CA2, CaCO3 (Sigma-Aldrich) andα-Al2O3

(Alfa Aesar) were homogenized in a vibrating disk mill with agate tool
according to their stoichiometric composition. Both mixtures were
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decarbonated for about 17 h at 1000 °C±30 °C. CA and CA2 were
sintered two times, for 4 h and 5 h respectively, at 1400 °C±30 °C
with amilling process taking place between thefirst and the second sin-
ter processes. CA and CA2 were ground to a specific surface of
3200 cm2/g±300 cm2/g (CA) and 4500 cm2/g±300 cm2/g (CA2) re-
spectively, as specified using the Blaine method. CA and CA2 were
quantified to be of >98.7% crystallinity. The quantified amorphous con-
tent in the initial synthetic phases is lower or equal to the error associ-
ated with the G-factor method itself. ZrSiO4 (Alfa Aesar), which was
employed as an inert filler for hydration experiments was heated two
times for 4.5 h at a temperature of 1100 °C±30 °C in order to optimize
the crystallite size of the material. ZrSiO4 was used because of the sim-
ilarity between its mass absorption coefficient1 (MAC) and that of the
phases of the model mixtures. The MAC of ZrSiO4 amounts to
82.95 cm2/g and is easily comparable to the MAC of the synthetic CAC
phase composition (ranging from 57.0 to 81.1 cm2/g, see Table 1).
Amounts of 90–80 wt.% filler were added to the mixtures to simulate
and better understand CAC hydration occurring for commonly used
LCC compositions.

The mixtures as listed in Table 1 were homogenized in a horizontal
vibrating mill, using a Teflon tool together with ø1 mm steel balls in
order to improve the effect of homogenization. The very high specific
surface area of the ZrSiO4 powder (d50=0.2 μm) strongly controls the
needed amount of mixing water to obtain the desired rheology for the
investigation. The w/s-ratio of 0.45was chosen to obtain a castable rhe-
ology without plasticizing additives. In dependence of the amount of
filler this led to w/c ratios between 2.25 and 4.5, which are commonly
used for CAC hydration in a low-cement castable (LCC) application.

For heat flow calorimetry and in-situ XRDmeasurements the homog-
enized mixtures and the mixing water were equilibrated at 23 °C±
0.2 °C. A mixing time of 1 min was chosen for all preparations. All heat
flow measurements were recorded with an Erlanger calorimeter
(quadruple design, [17]) and evaluated with Origin 8.5. The in-situ
XRD measurements were performed using the D8 diffractometer
equipped with Lynx-Eye position sensitive detector (Bruker AXS). For
instrumental parameters see Table 2. After mixing the paste was pre-
pared in a specimen carrier using the frontloading method. The diffrac-
tometer was equipped with a Peltier element to ensure controlled
measurement condition of 23 °C±0.2 °C. In order to prevent evapora-
tion of water during measurement the specimen was covered, in addi-
tion with Kapton film.

Quantitative phase analysis was performed by combination of
Rietveld refinement (Topas 4.2, Bruker AXS) and the G-factor method
[18]. The G-factor method uses an external standard that makes it pos-
sible to determine all single crystalline components on an absolute scale
independently from other components and especially from amorphous
phases. The G-factormethod uses only the refined Rietveld scale factors
of the standard material and the known phases. According to O'Connor
and Raven [19] the scale factor sj of the phase j is directly proportional to
the phase content cj, where the density is described by ρj and the cell

volume by Vj. The MAC μ⁎ of the whole paste (model mixture and
water) can be calculated from its known chemical composition.

cj ¼ sj⋅
ρj⋅V2

j ⋅μ�

G
: ð1Þ

As C2AH8 and C2AH7.5 are not calculated from structural data during
refinement, but rather as hkl phaseswithout quantitative content in the
Rietveld results, the G-factor was a very suitable method for the inde-
pendent quantification of CA and CA2. The factor G was determined
with very gently ground Si powder from a silicon wafer. For the already
well determined phases CA, CA2 and ZrSiO4, the structure data sets
listed in Table 3, were used for quantification.

For calculation of the heat flow from quantitative XRD quantification
data for CA and CA2, the hydration reactions (2) and (3) were employed
for CA and CA2 at a hydration temperature of 23 °C. A simultaneous hy-
dration of the hydraulic phases and precipitation of hydrate phases were
assumed for the purposes of calculation. At the investigated hydration
temperature of 23 °C precipitation of CAH10 may compete with the pre-
cipitation of C2AH8. But formation of CAH10which shows its strongest re-
flection at 12.5° 2Θwas not observed in our investigated samples.

2CAþ 11H → C2AH8 þ AH3 am:ð Þ ð2Þ

2CA2 þ 17H → C2AH8 þ 3AH3 am:ð Þ ð3Þ

C2AH8 → C2AH7:5 þ 0:5H: ð4Þ

The resulting enthalpies of reaction (ΔHR) for the hydration of CA
and CA2 can be calculated from their corresponding enthalpies of for-
mation (ΔHf

0, Table 4):

ΔHR CAð Þ ¼ −693 J=g
ΔHR CA2ð Þ ¼ −498 J=g:

1 The mass absorption coefficients of all phases were calculated from data given in
the International Tables for Crystallography [16].

Table 1
Absolute phase composition in wt.% of synthetic CACs with filler ZrSiO4 for the dry mix
and for the paste (w) with a w/s ratio of 0.45. The last row shows the resulting MACs in
cm2/g.

Synth. CAC CA CA2 ZrSiO4 H2O Sample MAC

(10/0) 10.0 – 90.0 – 81.1
w(6.9/0) 6.9 – 62.1 31.0 59.1
(10/10) 10.0 10.0 80.0 – 78.0
w(6.9/6.9) 6.9 6.9 55.2 31.0 57.0
(15/5) 15.0 5.0 80.0 – 78.7
w(10.3/3.4) 10.3 3.4 55.2 31.0 57.4

Table 2
Instrumental parameters for in-situ XRD.

Device: D8, Bruker AXS

Type of detector: Lynx-Eye, Bruker AXS
Conditions: 23 °C±0.2 °C
Type of X-ray radiation: Cu Kα
Type of goniometer: Θ/Θ
Voltage/current: 40 kV/40 mA
Scanning range: 7–40° 2Θ
Step size: 0.0236° 2Θ
Time per step: 0.58 s
Primary divergence slit: 0.3°
Primary soller slit: 2.5°

Table 3
Structure data sets used for the Rietveld refinement.

Phase ICSD Reference

CA 260 [20]
CA2 14,270 [21]
ZrSiO4 158,108 [22]

Table 4
Enthalpies of formation in kJ/mol used for calculation of the heat flow.

Phase ΔHf
0 Reference

CA −2323 [25]
CA2 −4023 [26]
H −286 [27]
C2AH8 −5433 [28,29]
AH3 −2578 [29]
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The heat flow can be calculated by combining the derivative of the
quantitative phase of CA and CA2 as established by XRD with ΔHR

according to Eq. (5) [24]. The calculated enthalpies of reaction ΔHR

had to be divided through 3.6, because all heat flow results are
presented in mW/g and time axes are defined in hours.

HF ¼ 1
100

⋅dPhaseXRD
dt

⋅ΔHR

3:6
⋅1:45: ð5Þ

As all in-situ quantification results are shown for the paste composi-
tion, the water-amount has to be subtracted when calculating the heat
flow and is represented by the multiplication factor 1.45.

3. Results

3.1. Heat flow calorimetry for the hydration of CA–CA2 mixes

Fig. 1 shows the heat flow in combinationwith the heat of hydration
for themixtures (10/0) and (10/10) at a w/s of 0.45 together with their
heat of hydration. The standard deviation for the heat of hydration after
22 h (H22h) was determined from three independently measured data
sets. The plotted curves are in each case the averaged curves.

The heat flow of the mixture (10/0) consisting of CA alone, without
CA2, (represented by the black solid line) reaches an induction period
after the initial period, followed by the main reaction after 1.8 h. The
main reaction displays a maximum after 2.4 h, with a maximum heat
flow of 6 mW/g, related to the amount of solid material (CA and filler).
After the main reaction, the heat flow slowly decreases, reaching the
baseline after approximately 14 h. From 14 h to 22 h, no heat flow
could be recorded. The mixture (10/10) with 10 wt.% CA and 10 wt.%
CA2 exhibits a very similar behavior to the above up to 2.4 h. After this,
however, with the decrease of the main reaction, the exhibited behavior
becomes different. After 14 h, when the heat flow of (10/0) drops down
to the baseline, (10/10) still produces heat of about 0.5 mW/g. The com-
parison of the respective heat of hydration curves with one another re-
veals quite considerable differences between (10/0) without CA2 and
(10/10) with 10 wt.% CA2 added. The heat of hydration for (10/0)
reaches a plateau of 67 J/g after 14 h of hydration. In the case of
(10/10), the heat of hydration continues to increase even after 22 h
and no plateau can be observed after 22 h. This indicates clearly that
the hydration reaction still continues even after the measurement
time of 22 h.

The comparison of (10/10) and (15/5) is shown in Fig. 2 for a longer
hydration time of 45 h. The mixture with 15 wt.% CA and 5 wt.% CA2

(15/10) exhibits a much more pronounced main reaction than does
the mixture (10/10), with a significant maximum heat flow of
10.6 mW/g.

After approximately 7 h the heat of hydration curve of (15/5) ex-
hibits a lower inclination than does the curve of (10/10). After 33 h,
however, the heat of hydration curves of (10/10) and (15/5) intersects
one another. Finally (10/10), the mix with a lower CA content than
(15/5), proves surprisingly, to release more heat (121 J/g) after 45 h
than does (15/5). Furthermore, the heat of hydration curves for both
the mixtures containing CA2 – namely, (10/10) and (15/5) – shows
that, even after 45 h, heat flow can be measured, with no plateau being
reached up to that point in time.

3.2. In-situ XRD of CA–CA2 mixes

The in-situ XRD quantifications of the phases CA (a) and CA2 (b)
during hydration of the synthetic CAC w(6.9/6.9) are shown in
Fig. 3a and b. The data points of the curves and error bars represent
the mean values of the two phases respectively, with, in each case, a
standard deviation of three measurements. The red dotted bar at
the top in Figs. 3 and 4 represents the mean value of the initial con-
tent as persisting until the point when the main reaction begins.
The lower red dotted bars in Figs. 3a and 4a, on the other hand, rep-
resent the mean value of the remaining CA at the end of the experi-
ment. As the hydration of CA2 still continues after 22 h, the dotted
bar in Figs. 3b and 4b indicates the last determined value at 22 h.

The change of quantitative CA content in mixture w(6.9/6.9), which
is plotted in Fig. 3a, clearly goes to demonstrate that CA begins to dis-
solve very rapidly after 2 h, which coincides with the onset of a short
and very rapid main reaction. After this point in time, the hydration
rate of CA decreases slowly and CA reaches a minimum value of
2.4 wt.% after approximately 8 h. Subsequently, CA content remains at
the same value during the hydration until the end of the measurement
period after 22 h. During the first 8 h of hydration 4.4±0.8 wt.% CA is
being dissolved,which can be attributed to themain reaction ofmixture
w(6.9/6.9). With respect to the mean value at the beginning of the hy-
dration, (6.8 wt.%) 65±12 rel.-% CA is dissolved and 35 rel.-% remains
unhydrated. Fig. 3b shows the quantitative data for the dissolution of
CA2, which begins at the same time, namely after 5 h,when the dissolu-
tion of CA is slowly decreasing. Once the dissolution of CA2 has begun,
the hydration rate exhibits no change and proceeds continuously.

Fig. 1. Heat flow (solid lines) and heat of hydration (dotted lines) for themixtures (10/0)
and (10/10). w/s=0.45; T=23 °C.

Fig. 2.Heatflow (solid lines) and heat of hydration (dotted lines) for themixtures (10/10)
and (15/5). w/s=0.45; T=23 °C.
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After 22 h, of the 6.9 wt.% CA2, which was present in the mixture at the
beginning of the measurement, 2.6±0.2 wt.% has been dissolved. This
corresponds to a dissolution of 38±3 rel.-% CA2 after 22 h of hydration
with a w/s ratio of 0.45.

The results for the hydration of the synthetic CAC mixture w(10.3/
3.4) in Fig. 4 display patterns very similar to those displayed by mixture
w(6.9/6.9). Hydration of CA begins once again simultaneously with the
starting point of the main reaction, approximately 2 h after mixing
withH2O. The hydration rate of CA is very highwithin thefirst 2 h period
and then decreases after 4 h, reaching a minimum value of 3.8 wt.% CA
after 8 h. In the CA-rich mixture w(10.3/3.4) a total quantity of 6.6±
1.0 wt.% CA was dissolved during the first 8 h of hydration. When we
consider the initial amount of 10.4 wt.% and the final residual amount
of 3.8 wt.% remaining after 22 h, we may conclude that a total of 63±
10 rel.-% CA was dissolved within the whole 22 h period. As already ob-
served in the case of w(6.9/6.9), the reduction of the CA hydration rate
after the heat flow maximum indicates the starting point of CA2 hydra-
tion. Also in the case of this mixture w(10.3/3.4) the hydration rate of
CA2 continues without change and proceeds until the end of the mea-
surement period. The difference between the initial amount of 3.4 wt.%
and the final residual amount remaining after 22 h (2.2 wt.%) leads to
the conclusion that 1.2±0.4 wt.% CA2 was dissolved in total. This is
equivalent to a relative dissolution of CA2 amounting to 35±11 rel.-%.

The normalized scale factors of C2AH8 and C2AH7.5 which were de-
termined during refinement of the synthetic CAC mixture w(6.9/6.9),
are shown in Fig. 5. Each data set of C2AH8 and C2AH7.5 was normalized
by defining themaximal scale factor to 1. AH3, according to Eqs. (2) and
(3), should also have been formed, but could not be detected at any
point within 22 h of hydration. This indicates that AH3 is formed as an
amorphous AHx-gel but which was not detected by X-ray diffraction.

The scale factors of the forming hydrate phases C2AH8 and C2AH7.5

shown in Fig. 5 are normalized to 100%. The scale factors for these
phases were refined with an hkl-phase approach. They cannot be relat-
ed directly without calibration to an absolute quantity of hydrates
formed during hydration. Nevertheless, very useful information is
yielded by this data concerning the formation of hydrates with respect
to hydration time. The precipitation of height begins at the same time
as the main reaction, which was recorded by heat flow calorimetry,
and also at the same time as the dissolution of CA after 2 h. After heat
flow attains its maximum, the C2AH8 content decreases, this possibly
being a result of dehydration of C2AH8 to become C2AH7.5, as per
Eq. (4). Precipitation of C2AH7.5 then starts at 2.5 h later than precipita-
tion of C2AH8. The amount of C2AH7.5 continuously increases and at ap-
proximately 14 h the precipitation rate decelerates.

b

a
w(6.9/6.9): 6.9 wt.-% CA, 6.9 wt.-% CA and 55.2 wt.-% ZrSiO
w/s = 0.45; T = 23°C

2 4

w(6.9/6.9): 6.9 wt.-% CA, 6.9 wt.-% CA and 55.2 wt.-% ZrSiO
w/s = 0.45; T = 23°C

2 4

etsa
P

etsa
P

Fig. 3. In-situ XRDquantification of the synthetic CACmixturew(6.9/6.9): dissolution of CA
(a) and CA2 (b) for hydration with w/s=0.45; T=23 °C.

b

a
w(10.3/3.4): 10.3 wt.-% CA, 3.4 wt.-% CA and 55.2 wt.-% ZrSiO
w/s = 0.45; T = 23°C

2 4

w(10.3/3.4): 10.3 wt.-% CA, 3.4 wt.-% CA and 55.2 wt.-% ZrSiO
w/s = 0.45; T = 23°C

2 4

etsa
P

etsa
P

Fig. 4. In-situXRDquantification of the synthetic CACmixturew(10.3/3.4): dissolution of CA
(a) and CA2 (b) for hydration with w/s=0.45; T=23 °C.
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3.3. Calculation of heat flow from dissolution data of CA2 and CA in the
synthetic CAC mixtures

Preliminary to calculation of the heat flow, the quantitative data of
the CA and CA2 dissolution during the first 22 h of hydration of the syn-
thetic CAC mixes were smoothed out using a FFT-Filter. Subsequently,
the derivative dCA/dt was formed from the smoothed-out curve. Since
the main reaction begins with a very abrupt slope, only a very low de-
gree of smoothing-out could be applied for the CA data curve. This is
the reason for the relatively high noise in the derivative curve prior to
and after the main reaction between 2 and 4 h. From Figs. 3a and 4a it
can be seen that after themain reaction CA content is stable at a certain
value. After this point of time heat flow was calculated to be equal to
zero. In order to demonstrate this, the calculated heat flow from the
CA dissolution was cut off as soon as the plateau of the remaining CA
content was reached. The same procedure was followed with the CA2

data curve, so as to demonstrate the time-dependent changes of the
quantitatively determined CA2 dissolution. The derivative data curves
of CA and CA2 thereby formed were then inserted, in a second step,
into Eq. (5). For the heat flow calculation of CA this would result in
the following equation:

HFCA ¼ 1
100

⋅ dCA
dt

⋅−693J=g
3:6

⋅1:45: ð6Þ

The comparison of themeasured heat flow (black line) with the cal-
culated heat flow of the synthetic CAC mixture (10/10) is shown in
Fig. 6, which is composed of contributions from the CA hydration (red
line) and CA2 hydration (blue line). As dissolution and precipitation
are assumed to occur simultaneously, it is necessary only to calculate
the dissolution of CA and CA2 according to the already-mentioned
Eqs. (2) and (3). Heat flow calculations of technical and synthetic OPC
[23] could reveal that in case of the aluminate reaction the dissolution
of the cement phases and precipitation of the hydrate phase do not
occur simultaneously. But for our investigated CAC mixtures we found
no indication for a time shift betweendissolution–precipitation process.
The sum of the heat flow calculated from the dissolution of both phases
is represented by the gray dashed line. It can be clearly seen that the
first maximum attained by the heat flow is brought about mainly by
the hydration of CA. Themaximum of the calculated heat flow is shifted
to 0.5 h later than for the measured heat flow, which is slightly more
pronounced and higher than the calculated one. The calculated heat
flow of CA reaches the baseline after 10 h. However, the heat flow as
calculated from the CA2 dissolution begins at the same point in time

as that at which the CA dissolution achieves its maximum rate. After
this point CA2 dissolves continuously and then increases slowly up to
a level of 0.5 mW/g after 13 h. This concords with the measured heat
flow.

The results of the heat flow calculation for the synthetic CAC mix-
ture (15/5) are shown in Fig. 7. Once again, it can be observed that the
calculated maximum of heat flow, which mainly results from CA dis-
solution, appears at 2.25 h, whereas the maximum of the measured
heat flow appears at 1.75 h. The time shift between both curves is
thus about 0.5 h. It can also be seen that the slope of the main reac-
tion as measured rises more steeply than does that of the calculated
one. The gradient of the measured slope at the beginning of the
main reaction is lower. The calculated heat flow rises to a value of
11 mW/g and then decreases slowly, finally reaching the baseline
after 9 h. Since (15/5) contains only 5 wt.% CA2, the calculated heat
flow of CA2 is quite low, with only 0.25 mW/g at the heat flow max-
imum. Figs. 6 and 7 underline the different behaviors, as regards

Fig. 5. Normalized scale factors of C2AH8 and C2AH7.5 for w(6.9/6.9) determined by
TOPAS from refinement as hkl-phases for w/s=0.45; T=23 °C.

Fig. 6. Synthetic CAC mixture (10/10): comparison of the measured heat flow (black)
and the calculated heat flow contributions from dissolution of CA (red) and CA2

(blue) for w/s=0.45; T=23 °C.

Fig. 7. Synthetic CAC mixture (15/5): comparison of the measured heat flow (black)
and the calculated heat flow contributions from dissolution of CA (red) and CA2

(blue) for w/s=0.45; T=23 °C.
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hydration kinetics, of CA and CA2. CA dissolves very rapidly once the
main reaction has begun. The hydration of CA2, on the other hand,
is characterized predominantly by a very slow and lengthy reaction.

4. Summary and discussion

4.1. Hydration of CA2

The influence of CA2 on the heat flow during hydration of synthet-
ic CAC, which is shown in Fig. 1, is best observed after the main reac-
tion, due to CA dissolution. We were able to prove, in the case of the
mixture investigated by us (10/10), which contained 10 wt.% CA and
10 wt.% CA2 at the beginning of hydration, CA2 was dissolved later –
approximately after 4 h – and very slowly compared to CA. The syn-
thetic CAC mixture (10/0) without CA2 shows no further reaction
after 14 h of hydration. After this time, the heat of hydration reaches
a plateau and no more heat is released as a result of CA dissolution,
although CA is still available. The replacement of 10 wt.% of the filler
ZrSiO4 by 10 wt.% CA2 had no influence on the starting point of main
reaction but heat flow increased significantly at and after the maxi-
mum. The overall heat of hydration is also higher in the mix with
CA2 (Fig. 1). The in-situ XRD results are very helpful in proving that
the hydration of CA2 does not begin until the maximum heat flow
from CA hydration is attained. After this point in time, the much
slower-reacting calcium aluminate phase CA2 becomes responsible,
together with the precipitation of the hydrate phases C2AH8/C2AH7.5

and AH3, for the evolution of heat flow. After 22 h, the hydration of
CA2 is still proceeding.

4.2. Hydration of CA

A more detailed look at the relative amounts of dissolved CA, as
presented in Figs. 3a and 4a, reveals that, during the main reaction,
the two dissolutions of this phase in the synthetic CAC mixtures
w(6.9/6.9) and w(10.3/3.4) respectively are comparable with one an-
other. In mixture w(6.9/6.9) 65 rel.-% of CA has been dissolved and
35 rel.-% remains present after the main reaction after 22 h. Exactly
the same situation can be observed for the CA-dominated mixture
w(10.3/3.4), although more CA is present in this latter. That leads to
the strong hypothesis that the used w/c ratio between 2.25 and 4.5 is
probably not the limiting factor for further CA hydration. In both mix-
tures, the same synthesized CA was employed in the various synthetic
CAC.

As CA is usually known for better hydraulic reactivity than CA2, the
result arrived at here – namely, that CA is only dissolved partially before
CA2 hydration starts and no further dissolution of CA could be observed
during the first 22 h of hydration – is a very surprising one. It is
conceivable that, due to the very rapid reaction of CA, a protective
layer of AHx-gel tends to be formed around the remaining particles.
Such effects during the hydration of CA have already been reported in
some works. Rettel et al. [5] examined the hydration of CA with differ-
ential calorimetric analysis and 27Al-NMR spectroscopy. They reported
a degree of CA hydration of about 40 wt.% after 24 h although at 20 °C
the hydrate phase CAH10 and at 40 °C the hydrate phases C2AH8 and
am. AH3 were formed during hydration. The decreased hydration de-
gree was explained by reference for both reactions to the dense micro-
structure of the hydration products. These products temporarily cover
the unhydrated particles, which tends to hinder further hydration
[30]. Moehmel [31] also used 27Al-NMR spectroscopy to investigate
the hydration degree of CA and determined a value of 23 wt.% after
24 h. The different hydration degrees can be caused by a different
grain size and therefore a different reactivity of the CA used. Moehmel
[31] described a diffusion controlled process after the main reaction,
caused by the low surface of precipitated hydrate phases. Trettin et al.
[32] reported a decrease of specific surface directly after the maximum
of the main reaction. Also Gosselin [33] investigated a low-Fe CAC and

even reported the presence of CA after 300 days of hydration time at
20 °C by qualitatively comparing the peak area intensity. All these in-
vestigations explain the decreasing hydration rate of CA by a hydrate
layer around the CA particles. But itmay also be thinkable that the com-
plete hydration of CA is hindered due to changes of pore solution com-
position by precipitation of not crystalline hydrates.

4.3. Calculated heat flow from QXRD data

The calculation of heat flow performed shows that it is possible to
calculate separately the heat flow curves for dissolution of CA and CA2

based on the in-situ XRD quantification results together with the se-
lected thermodynamic data according to reactions Eqs. (2) and (3).
The agreement of calculated heat flow compared with the experi-
mental one between 1.5 and 4 h and between 12 and 22 h is good.
The overall heat flow calculated from the dissolution of CA and CA2

and their precipitation as C2AH8 concord not perfectly with the heat
flow as measured by heat flow calorimetry. The heat flow maximum
can be ascribed to the released heat of reaction from CA hydration
and C2AH8 precipitation. With the increase in the amount of CA
from 10 wt.% to 15 wt.%, the heat flow produced during the main re-
action shows a more pronounced maximum. This can be observed
from both curves in Fig. 7, i.e. the measured heat flow as well as the
calculated heat flow. Another interesting result is that the measured
heat flow after the main reaction is directly dependent on the amount
of CA2 in the synthetic CAC mixture.

4.4. The hydration model

Summing up our results, we arrive at the following hydration
model for the hydration of CA and CA2, an example of which is
shown in Fig. 8 for the synthetic CAC mixture (10/10). The in-situ
XRD results show that no dissolution of CA and/or CA2 could be
detected during the initial period. Additionally, no crystalline hydrate
phase could be detected before to the starting point of the main reac-
tion. According to Fujii et al. [34], the fraction of hydrated CA, which
was determined by investigating the liquid phase, present at the
end of the induction period accounts for less than 1% of the absolute
amount. It is conceivable that very small amounts of CA dissolve in
order to form a primary reaction layer of primary formed hydrate

main reaction
hydration of CA

secondary reaction
hydration of CA2

[h]

CA

CA2

heat flow of CA hydration

heat flow of CA hydration2

scaled derivative
of C AH2 7.5

laireta
m

dil
os

Fig. 8. Hydration model for the hydration of CA and CA2 of the synthetic mixture (10/10)
for w/s=0.45; T=23 °C.
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phases. Moehmel [31] investigated the composition of a solution with
ICP and was able to confirm a heterogeneous dissolution of CA during
the first 20 min of hydration. Due to a higher solubility of CaO, the
surfaces of the CA particles became richer in Al2O3. Furthermore, he
was able to determine a decrease of specific surface area with N-
2-adsorption measurements and to find indication of a dense layer
of hydration products around the CA particles. Through agglomera-
tion processes on the surfaces of CA particles, there occurs precipita-
tion of an Al(OH)3 gel layer. The observed induction period could be
the result of a decreased hydration rate. Other researchers such as
Barret et al. [35], explain the induction period by reference to nucle-
ation problems of C2AH8 out of solution. In the end, however, we can-
not explain, on the basis of our results, the source of heat flow during
the initial period. With the ending of the induction period there does
occur an immense precipitation of C2AH8. The immediate formation
of C2AH8 could be the driving force for further CA hydration. Due to
the massive and very rapid CA hydration reaction, the hydrate phases
cannot precipitate very far from the surfaces of the CA particles and
this may inhibit further hydration. This could also explain the
remaining unhydrated amounts of CA after 22 h.

A lag between approximately 5 h and 10 h between the described
heat flows can be noted from the sum of the calculated heat flow curves
shown in Figs. 6 and 7. As the calculated heat flow curves show only the
dissolution heat release of CA and CA2 as determined according to
Eqs. (2) and (3) as well as the simultaneous precipitations of C2AH8

and AH3, it is conceivable that the lag may be caused by dehydration
of C2AH8 and/or formation of C2AH7.5 (Eq. (4)). To show this, the scaled
derivative of the C2AH7.5 scale factor development is plotted in Fig. 8
(gray dotted line). The maximum of the derivative thus formed would
partially explain the lag of calculated heat flow between themain reac-
tion and the secondary reaction.

5. Conclusions

In this work, we have been able to show by calculation of heat flow
from the course of dissolution of CA and CA2 (Figs. 3 and 4) that hydra-
tion of CA and CA2 proceeds with a complete different kinetics (Fig. 8).
The same course of dissolution for both phases can again be observed in
the mixes with various amounts of CA and CA2. There is no change of
dissolution behavior of CA in the presence of CA2.

The heat flow occurring during main reaction of CAC hydration is
brought about primarily by CA. Almost synchronous with the point of
decrease in CA hydration the starting point of CA2 hydration can be
detected. The calculated heat flow of CA2 shows according to its very
slow dissolution a verywide and long contribution,which is best visible
with higher amounts of CA2 in the synthetic CAC mixture. The origin of
heat flow between approximately 5 h and 12 h is not described by ad-
dition of the calculated heat flow curves of CA and CA2. But we assume
that the dehydration of C2AH8 to C2AH7.5 could yield the missing heat
flow during this period.

Hydration of CA proceeds very fast with a sharp heat flow event
within 10 h of hydration. Then after the maximum of the main reac-
tion, the hydration of CA decreases and comes to an end. After 22 h of
hydration in any of our synthetic CAC mixtures about 35 rel.-% CA re-
mains. This remaining CAmust be hindered from further hydration by
a dense or impermeable hydrate layer. This may inhibit further hy-
dration of CA although enough H2O is available and could explain
the remaining not hydrated amounts of CA after 22 h.

In contrast to the observed stop of CA hydration CA2 hydration pro-
ceeds longer than 22 h. We know from investigations that CA2 is
completely dissolved after few days.We assume that the very slow pre-
cipitation of C2AH7.5/C2AH8 is occurring not at the particle surfaces of
CA2 but from pore solution and therefore hydration can proceed until
CA2 is completely dissolved. The heat flow curves and heat of hydration
curves as calculated from the in-situ XRD quantifications demonstrate
that CA2 exerts a very pronounced effect on the hydration of the CACs

investigated. This is not surprising when comparing the enthalpies of
reaction ΔHR for CA (−693 J/g) and CA2 (−498 J/g) (Eqs. (2) and (3)).
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It is shown that the hydration degree of CA is directly dependent on the fineness of CA-particles. Finer particles
lead to an increased degree of hydration and also an increased hydration rate.
The reaction of a samplewithmainly coarse particles of CA (d50=50 μm) is characterized by a lowhydration rate
and only 34 rel.-% of CA dissolved after 22 h.Whereas in a very fine CA-sample (d50= 4 μm) hydration starts de-
layed but then shows the highest hydration rate and a dissolution of 62 rel.-% CA. The behaviour is explained by
the coverage of CA-particles with a dense hydrate layer of C2AHx and AHx. This reacted CA-rim is supposed to
have the same thickness for different sized CA-particles. Optimization of Gauss distribution curves, which were
applied to simulate a more realistic particle size distribution, leads to a reacted rim thickness of 1.3 μm until
reaction is stopped.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Monocalcium aluminate (CA) is the main hydraulic phase in CACs
and is predominantly responsible for early strength development in
products for very different applications, as are low cement castables
(LCCs) or chemical binder used in constructionmaterials. The hydration
and dissolution of CA in synthetic cement mixes containing CA and CA2

were recently investigated [1]. It was confirmed that the main reaction
of CAC hydration at 23 °C is predominantly and initially caused by the
hydration of CA and later followed by the hydration of CA2. The dissolu-
tion is always accompanied by massive precipitation of C2AH8, C2AH7.5

and amorphous AH3 [2–4]. In the presented results it has been shown
that for all mixes the hydration of CA stopped after themain reaction al-
though 27% nonreacted CA is remaining in the paste, whereas CA2 is
continuously dissolving for up to 5 days. It could be shown that the rel-
ative amount of remaining CA is not related to the absolute amount of
CA in the mixture as for every investigated CA containing mixture 63%
was dissolved after 24 h.

With N2-absorption measurements Moehmel [5] was able to mea-
sure a dense layer of hydration products surrounding non-reacted re-
maining CA. By the growth of a dense hydrate layer the hydration
behaviour of CA above discussed could possibly be explained. We as-
sume that after the dense hydrate layer reaches a certain thickness CA
dissolution decreases strongly. In consequence of this hypothesis very
small particles would be dissolved completely while coarser particles
would be surrounded by a dense hydrate layer consisting of hydrate

phases [6]. Due to the incorporated amount of water the dense hydrate
layer would demand more volume than the reacted rim itself. In our
study we define the reacted rim as the loss in radius of CA particles.
Due to diffusion controlled processes further hydration would be
slowed down after the dense hydrate layer has reached a certain
thickness. This hypothesis leads to the assumption that a CA sample
with mainly fine particles and particle size distribution (PSD) with
low d50 value should lead to a much lower amount of non-hydrated
CA when compared to a CA sample with mainly coarse particles and a
higher d50 value of PSD.
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For this reason the present study is focused on how to change or in-
crease the hydration degree of CA after mixing with H2O by means of
particle fineness. We investigated the hydration of fine, medium and
coarse grain size fractions of synthesized CA. After characterization of
the dry powders by XRD and laser granulometry the hydration reaction
was recorded by heat flow calorimetry and in-situ XRD. The quantita-
tive phase development of CA during the hydration was analyzed by
the G-factor method [7,8]. For comparison with the measured heat
flow we calculated the heat flow from QXRD data [9] of CA dissolution
of the three CA powders of different particle fineness.

2. Material and methods

For the synthesis of monocalcium aluminate (CA), CaCO3 and Al2O3

were homogenized in a molar ratio of 1:1 with a vibrating disk mill
(VDM) with an agate tool. The raw mix was decarbonized for 17 h at
1000 ± 30 °C in a lab furnace. Then the mix was sintered twice at
1400 ± 30 °C interrupted by a milling process between the first and
the second sinter process. Finally the material was milled by a VDM
three times for 8 min. This powdered CA-Bulk was used as starting ma-
terial for the preparation of three CA sampleswith different particle size
distributions. The sample CA-14 was derived by passing the CA-Bulk
through a 30 μmmesh size sieve. The sample CA-50 represents all resid-
ual particles after sieving which did not pass the 30 μm sieve. The

sample with very fine PSD CA-4 was obtained by a milling process of
CA-14 for 10 h with the planetary ball mill (PBM) with an agate tool.
The experimental procedure for the preparation of thedifferent CA sam-
ples is shown in Fig. 1.

The determined particle size distributions (PSD) for all CA samples
are shown in Fig. 2. The PSD was determined with laser granulometry
performed on aMastersizer 3000 fromMalvern Instruments Ltd. The in-
strumental parameters are listed in Table 1.

For homogenization purposes of the mixtures containing 20 wt.-%
CA (lab synthesized) and 80 wt.-% ZrSiO4 (Alfa Aesar), the dry powder
was filled in a Teflon cylinder and homogenized carefully with a hori-
zontal vibrating mill. During this process no further particle size reduc-
tion occurs. ZrSiO4 was added as an inert filler to stabilize the kinetics of
the hydration of CA. Without filler addition the hydration behaviour of
CA is not well reproducible [10]. The mixtures were investigated by
heat flow calorimetry using a custom made isothermal calorimeter
(quadruple design) [11]. The dry mixture and the mixing water were
equilibrated for at least 3 h at 23 ± 0.2 °C. Each mixture was indepen-
dently reproduced three times. The measurement of the calorimeter
was controlled and set to 23 ± 0.2 °C. The data sets obtained during
heat flow measurements were evaluated with Origin 9G (OriginLab
Corporation). For the in-situ XRD investigation a D8 diffractometer
with DaVinci design from Bruker AXS was used. The instrumental
conditions are listed in Table 2. During the measurement the paste
was covered with Kapton film to prevent the evaporation of water.
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Fig. 2. Particle size distribution for the investigated fractions CA-50, CA-14 and CA-4.

Table 1
Instrumental parameter for laser granulometry.

Refractive index CA: 1.68
Absorption index CA: 0.01
Specific density CA: 2.94 g/cm3

Calculation model: Mie scattering
Dispersion: Isopropanol N 99.5%
Pre-dispersing: Ultrasonic
Dispersing device: Hydro MV
Stirring rate: 1750 rpm
Temperature: 25 ± 2 °C
Light obscuration: 15 ± 3%
Measurement range: 0.01–3.5 mm
Measuring duration: 15 s

Table 2
Instrumental parameter for in-situ XRD.

Device: D8, DaVinci, Bruker AXS
Type of detector: Lynx-Eye, Bruker AXS
Conditions: 23 °C ± 0.2 °C
Type of X-ray radiation: Cu Kα
Type of goniometer: Θ/Θ
Voltage/current: 40 kV/40 mA
Scanning range: 6–40° 2Θ
Step size: 0.011° 2Θ
Time per step: 0.275 s
Primary divergence slit: 0.3°
Primary Soller slit: 2.5°
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The diffractometer was additionally equipped with a Peltier element to
ensure the same temperature conditions as for the calorimetric investi-
gations (23 ± 0.2 °C).

A combination of the Rietveld method [12] (Topas 4.2, Bruker AXS)
and the G-factor method [7,8,1,13] was applied to quantify the data
sets as obtained during in-situ XRD measurements. The G-factor
method is an external standardmethod and has the advantage that sin-
gle crystalline phases can be quantified in an absolute scale indepen-
dently from other components and amorphous phases [14]. The MAC
values were calculated on the basis of the International Tables for
Crystallography [15]. The factor G was determined with a Si powder
from NIST (SRM 640d).

C2AH8 and C2AH7.5 were calculated as hkl phases. For the already
well determined phases CA, CAH10 and ZrSiO4 the structure data sets
listed in Table 3 were used for quantification. Additional hkl-phases
were implemented to refine the intensity contributions obtained
through water and the Kapton film. A flow chart to demonstrate
the process of quantification and refinement is shown in Fig. 3. The
mixes with the samples CA-14 and CA-4 were qualified directly with
the G-factor method. For sample CA-50which contained coarse particle
sizes up to 100 μm, scale factors were additionally calibrated by using
the known theoretical starting amount of CA in order to get results com-
parable to the finer powders. To ensure comparable scale factors for the
hydrate phases C2AH7.5/8, only the c lattice parameter was refined. The
crystallite size and the Lorentzian strain of C2AH7.5 were coupled for
each single range to those of C2AH8. The space group for the hkl-
phases of C2AH7.5/8 was adopted from Kuzelite (R-3H) [16].

The heat of hydration for the dissolution of CA was calculated from
the amount of dissolved CA after 22 h. As our predominant interest
was to quantify CA dissolution in dependence of particle fineness, the
heat of hydration was calculated only for dissolution of CA according
to Eq. (1) — not taking into account the precipitation of any hydrate
phases. The heat of reaction was calculated by the use of the enthalpies

of formation for the components as listed in Table 4. This results in a
heat of reaction ΔHRCA of−530 J/g for the dissolution of CA.

CaAl2O4 þ 4H2O⇒Ca2þ þ 2Al OHð Þ−4 cΔHRCAdiss: ¼ −530 J=g ð1Þ

3. Results

3.1. Purity of synthesized CA samples

The purity and the amount of amorphousmaterial in the three sam-
ples CA-50, CA-14 and CA-4 were determined by XRD and evaluated
with the G-factor method [7] (Table 5). The calculated 3 ± 1 wt.-% of
amorphous or not determined material for sample CA-4 is not signifi-
cant as it is lying in the range of the detection limit.

3.2. Heat flow calorimetry

Fig. 4 shows the heat flow investigations as performedwith synthet-
ic lab cements containing 20 wt.-% CA of the different samples CA-50,
CA-14 and CA-4 blended with 80 wt.-% ZrSiO4. All curves are related to
the amount of reactive material (CA) and show the mean curves of
three independent measurements. The hydration of sample CA-14
(blue dotted curve) is characterized by a dormant period after the initial
period. After 1.3 h of hydration time the dormant period rapidly ends
and themain reaction starts. Themaximumof themain reaction ismea-
sured after 2.1 h with a heat flow of 60 mW/g CA. After the maximum
the heat flow declines continuously and almost reaches the baseline
after approximately 14 h.

Sample CA-50with the coarsest PSD shows quite different hydration
kinetics. A period of induction instead of a dormant period was mea-
sured after the initial period. A more detailed view of the first 3 h of hy-
dration time is given in Fig. 5. The main reaction for the hydration of
powder CA-50 starts after 0.8 h—much earlier than for both finer sam-
ples. At 20mW/g CA the sample CA-50 shows the lowest heat flow dur-
ing the maximum of the main reaction.

The very fine CA sample CA-4 is characterized by a longer initial pe-
riod and an extended dormant period from 2 to 4.2 h. Compared to the
coarser samples, the main reaction of the sample CA-4 starts later. Once
the main reaction has started, the heat flow increases very quickly and
reaches a maximum of 130 mW/g CA after 5.4 h. The finest fraction
CA-4 showed the highest heat flow during the maximum. The heat
flow of all fractions decreases to the baseline after approximately 14 h,
indicating that all hydration reactions have come to an end.

As the initial period can be influenced by wetting and stirring heat,
the heat of hydration is calculated from a period of time between 0.2
and 22 h (Fig. 6).

The hydration reaction of the coarsest CA (CA-50) together with
80 wt.-% ZrSiO4 exhibits after 22 h the lowest heat of hydration at

Table 3
Structure data sets used for the Rietveld refinement.

Phase ICSD Reference

CA 260 Hoerkner and Mueller-Buschbaum [17]
ZrSiO4 158108 Kolesov et al. [18]
CAH10 241210 Christensen et al. [19]

CA  ZrSiO   CAH   C AH   C AH4 10 2 8 2 7.5

Phases

Water, Kapton

hkl-phasesStructural data

Linear background

Background models

XRD-pattern

Rietveld Rietveld

G-factor Scale-factor

Linear background

Fig. 3. Used refinement and quantification procedures.

Table 4
Enthalpies of formation in kJ/mol used for calculation of heat of reactions.

Species ΔHf
0 Reference

CaAl2O4 −2323 Coughlin [20]
H2O −286 Johnson et al. [21]
Ca2+ −543 Shock et al. [22]
Al(OH)4− −1504 Wenming et al. [23]

Table 5
G-factor quantification for the pure phase CA in the samples CA-50, CA-14 and CA-4. All
values given in wt.-%.

Sample: CA-50 CA-14 CA-4

Crystalline CA: 101 ± 1 100 ± 1 97 ± 1
Amorphous or not determined: 0 ± 1 0 ± 1 3 ± 1
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only 366 J/g CA (compare Fig. 6). The hydration of CA-14 reaches a heat
of hydration 488 J/g CA after 22 h. The very fine CAwhichwasmilled for
10 h (sample CA-4) exhibits the highest heat of hydration with 645 J/g
CA after 22 h. All heat of hydration curves reached a plateau after 22 h
of hydration. This indicates that no further or a very minimal hydration
reaction is occurring after 22 h.

3.3. In-situ XRD — the dissolution of CA

The G-factor quantification for CA during hydration of the samples
CA-50, CA-14 and CA-4 in a mixture containing 80 wt.-% ZrSiO4 for a
w/s-ratio of 0.35 at T= 23 °C is shown in Fig. 7. The quantitative values
are related to the amount of paste including the solid material and
the mixing water. Therefore the starting value for 20 wt.-% CA and a
w/s-ratio of 0.35 results in 14.8 wt.-% CA in paste. Sample CA-14
shows no detectable dissolution of CA during the initial and the dor-
mant period. A very fast dissolution of CA could then be measured dur-
ing the acceleration period which starts approximately after 2 h. After
3 h the dissolution decreases and then reaches an almost constant

content of CA. After 22 h of hydration time around 7.9 ± 0.5 wt.-% CA
is still remaining in the paste composition. Related to the amount of
CA this is equal to 47 rel.-% of dissolved CA after 22 h.

The hydration kinetics from the coarse sample CA-50 is different by
that of sample CA-14. In accordance with the heat flow the dissolution
of CA begins directly after the initial period. The dissolution rate of CA-
50 is lower. Approximately 9.7 ± 0.5 wt.% of CA is remaining after
22 h, which corresponds to a dissolution of 34 rel.-% CA.

Themain reaction of sample CA-4 starts very retarded after 6 h of hy-
dration but thenwith a higher rate than for sample CA-14. After approx-
imately 7 h the dissolution decreases continuously. 5.6±0.5 wt.-% CA is
remaining in the paste composition after 22 h which corresponds to a
dissolution of 62 rel.%.

3.4. In-situ XRD — the development of C2AH8 and C2AH7.5

The crystalline hydrate phases formed during the hydration of CA
in the mixture containing 20 wt.-% CA-14 and 80 wt.-% ZrSiO4 for a
w/s-ratio of 0.35 at 23 °C were C2AH8 and C2AH7.5. Crystalline AH3
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was not observed during hydration and therefore it is assumed to be
amorphous. The crystal structures of C2AH8 and C2AH7.5 are not suffi-
ciently described for the classical Rietveld refinement methods. There-
fore their scale factors were calculated as hkl-phases during
refinement. The obtained scale factor for each phase is proportional
to its quantity. As hkl-phases for C2AH8 and C2AH7.5 were refined simi-
larly the scale factors can be compared but cannot give absolute quanti-
tative information. Fig. 8 shows the mean scale factors of the phases
C2AH8 and C2AH7.5 as a function of time during hydration of sample
CA-14.

The fast precipitation of C2AH8 after 2 h is correlated with the accel-
eration period of themain reaction. After 2.5 h the rate of C2AH8 precip-
itation decreases and after 4.7 h dissolution of C2AH8 occurs. During
further hydration the dissolution rate slows down and the scale factor
reaches a plateau value after approximately 18 h. The formation of
C2AH7.5 starts with a very slow precipitation but then becomes faster
as soon as dehydration of C2AH8 is observed.

4. Discussion and interpretation

4.1. Summary of results from heat flow calorimetry and in-situ XRD

The hydration of the different CA samples can be assigned to three
different kinetics (a–c).

(a) Coarse CA (sample CA-50)
The hydration of the very coarse CA begins without any dormant
period. The dissolution of CA begins shortly after the initial period
and then proceeds very slowly but continuously (Fig. 7). After 22 h
approximately only 34 rel.-% of the CA was dissolved (see Fig. 9).

(b) Medium fine CA (sample CA-14)
The hydration of the CA with intermediate particle size distribu-
tion is characterized by a clear dormant period between the initial
period and the main reaction (Fig. 5). Dissolution of CA until the
starting point of the main reaction could not be detected by XRD
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(Fig. 7). Once the main reaction has started after 1.3 h, the hydra-
tion proceeds quickly and is accompanied by dissolution of CA and
by C2AH8, C2AH7.5 and amorphous AHx precipitation. After the
maximum of the main reaction C2AH8 is dehydrated to C2AH7.5

(compare Fig. 8). Approximately 47 rel.-% of CA was dissolved
after a hydration time of 22 h.

(c) Very fine CA (sample CA-4)
The veryfineCA sample is characterized by an increasing heatflow
shortly after the initial period (Figs. 5 and 6)which is accompanied
by a detectable dissolution of CA (Fig. 7). After the initial reaction,
the dissolution proceeds very slowly for about 5 h. Finally after 7 h
a very fast and pronounced dissolution of CA occurs. After 22 h ap-
proximately 38 ± 3 rel.-% non-hydrated CA remains in the paste.

We could observe in all three samples that not all present CA is dis-
solved after the main reaction, although enough H2O would be avail-
able. This has already been observed in a preceding study [1]. We
assume the formation of a protective dense hydrate layer of AHx-gel
and C2AHx around the remaining CA particles. This may be caused by
the very fast hydration reaction of CA. Investigations of CA hydration
with differential calorimetric analysis and 27Al-NMR spectroscopy
were performed by Rettel et al. [4]. The authors reported a degree of hy-
dration of about 40% after 24 h of hydration time. This low degree of hy-
dration was explained by the dense microstructure of the hydration

products. The authors assume that these dense products cover the
non-hydrated CA particles and that further hydration is hindered [24].
A hydration degree of 23 wt.-% which was also determined by 27Al-
NMR spectroscopy was observed by Moehmel [5]. These differences in
the observed degree of dissolution are likely to have their origin in the
different grain size of CA particles thus resulting in different reactivity
as shown in our results above. Investigations of low-Fe CAC hydration
at 20 °C by [25] revealed even after 300 days of hydration time a clear
presence of CA by qualitatively comparing the peak area intensities of
the CA peaks.

The hydration mechanism of CA during the initial reaction and the
dormant period was – and is still – being discussed by many authors.
The anhydrous phase CA seems to dissolve in very low amounts during
the initial reaction without precipitation of any crystalline hydrate
phases such as C2AH8 or AH3 [26]. This could be proven in the study
by Klaus et al. [1]. After the initial period, namely during the dormant
period, only very low and not detectable amounts of C2AH8 and AHx-
gel can precipitate but with the result that the concentration of Ca2+

and Al3+ in the pore solution will drop below the level of supersatura-
tion which would be needed for precipitation of the hydrate phases.
With further slow dissolution of CA their concentration in solution
will increase. But with time the C2AH8 nuclei will exceed critical
size and massive precipitation of the hydrate phases will occur. With
N2-absorption measurements Moehmel [5] was able to find a dense
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layer of hydration products surrounding the CA particles during the in-
duction period. He stated that through the agglomeration process on
the surfaces of the particles, precipitation of an Al(OH)3 gel layer will
occur. Fujii et al. [27] reported that the fraction of hydrated CA at the
end of the induction period counts for less than 1% of the absolute
amount.

However the results of the investigation clearly show that the
amount of dissolved CA shortly after the initial period is related to the
particle fineness of CA.With themedium fineness the potential dissolu-
tion of CA was not detectable with XRD. However, for the very fine CA
we could detect noticeable dissolution of CA during and directly after
the initial period but without any precipitation of hydrate phases.
Crystalline hydrate phases were detected the first time during the
main reaction.

4.2. Heat of hydration calculation based on QXRD data

The theoretical heat of hydration after 22 h for the samples CA-50,
CA-14 and CA-4 was calculated based on the amount of dissolved CA
(compare Fig. 9). The amount of dissolved CA increases significantly
from coarse to fine (see Figs. 7 and 9). As described earlier in Eq. (1)
this calculation includes only heat from the dissolution of CA, without
taking into account any formation of hydrate phases.

As the calculated heat of hydration is directly proportional to the dis-
solved amount of CA, the highest heat of hydration after 22 h could be cal-
culated during hydration of sample CA-4 in Fig. 10 (339 ± 20 J/g CA).
Sample CA-50 exhibited the lowest heat of hydration at just 188 ±
20 J/g CA. Sample CA-14 lies, at 255 ± 18 J/g CA, between both values.
In comparison with the measured heat of hydration calculated heat of
hydration from dissolution of CA is always lower. This is explainable
because the measured heat of hydration includes the heat which is
produced during dissolution of CA as well as the precipitation and con-
version of the hydrate phases.

The ratio of the calculated heat of hydration from dissolution of CA
and the heat of hydration as measured during heat flow calorimetry
shows a very interesting correlation. For all three investigated different
samples 52% of the measured heat of hydration is covered by the calcu-
lated heat of hydration based on CA dissolution (Fig. 11). This means
that 48% of the heat of everymixture is based on precipitation of the hy-
drate phases and conversion of C2AH8 to C2AH7.5.

The very constant ratio between the calculatedheat of hydration and
the measured heat of hydration indicates that after 22 h a correspond-
ing amount of hydrate phases must have formed related to the dis-
solved amount of CA for any of the samples. To prove this, the ratio of
the scale factors as determined for the hydrate phases C2AH7.5 and
C2AH8 was evaluated. Table 6 shows the averaged scale factor ratio of
C2AH7.5/C2AH8 during hydration of CA in fractions CA-50, CA-14 and
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CA-4 in a mix with 80 wt.-% ZrSiO4 for a period of time ranging from 15
to 22 h. For all three different fine samples of CA the ratio of formed
C2AH7.5/C2AH8 after the main reaction is very comparable and reaches
a ratio of approximately 2 after 22 h of hydration time. This clearly con-
firms a similar ratio of precipitated hydrate phases for any investigated
CA sample as suggested above by the result shown from the ratio be-
tween calculated and measured heat of hydration (Fig. 11) for the
same samples.

4.3. Thickness of the reacted CA rim

The discussed results lead to the hypothesis that a protective dense
hydrate layer is formed during hydration surrounding the CA particles.
The dense hydrate layer is assumed to consist of colloidal AHx-gel and
C2AHx. The simplified hydration model for pure CA hydration is shown
in Fig. 12. Assuming that the reacted rim for all CA samples has the
same thickness, finer particles would lead to smaller CA particle relics
(particle B) or – if the smallest CA particles (A) were dissolved
completely – less remaining CA after the main reaction. All particles
with a diameter exceeding twice the thickness of the reacted rim
would remain as relics (particle B).

Unfortunately, data from specific surface area measurements with
laser granulometry cannot directly be applied for calculation of the
reacted rim thickness. Surface area measurement data is related to the
assumption that all surfaces of any particles are fully available and
free. This is not the case in a real cement paste. A cementwith relatively
fine particles will normally tend to agglomerate thus reducing the surfi-
cial areas available for hydration. This is illustrated in Fig. 13. In order to
calculate the effect of agglomeration on the degree of hydration during
setting time Zheng et al. [28] performed a computer simulation based
on the Monte Carlo approach. They concluded that agglomeration of
fine particles significantly decreases the degree of hydration because
of encapsulated colloidal formations which are comparable to the
non-water filled regions in Fig. 13. Scherer et al. [29] stated that all
hard-core/soft-shell simulations tend to overestimate the hydration de-
gree of fine cement powders. The authors concluded that an agglomer-
ation effect has to be taken into account and cannot be neglected for
calculation of the theoretically possible cement hydration.

Another important effectwhich has to be taken into account is an in-
creased surface area due to cracks and pores. Assuming that all cracks
and pores as part of the reacted rim have similar dimensions for small
and big particles, the surfaces of bigger particles contain more cracks
and pores than small particles (compare Fig. 13). Any deviation from a
plain surface at the beginning and during dissolution will lead to an in-
crease in accessible surface area. The combination of these two different
circumstances leads to the effect that for small particles the available
surfaces are lower and on the other hand the surfaces for bigger parti-
cles are higher than surface area measurement data would predict.

For the calculation of the residual diameter of the CA particle after
the main reaction and the width of the reacted rim Gaussian curves
were applied to represent the particle size distribution of the three sam-
ples CA-50, CA-14 and CA-4 after 22 h of hydration time. For the diversity
of the Gaussian curves 1/4 of the expected value was used. The applied
equation for the Gauss distribution is shown in Eq. (2). The static vari-
able σ represents the expected d50 and μ the deviation which is for all
fractions dependent on the expected d50: μ = σ/4.

1
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ffiffiffiffiffiffi
2π

p e
−1

2
x−μ
σ

� �2

ð2Þ

The factor σ was refined with min/max minimization (Solver in
Excel) to find an estimated d50 for all three fractions before hydration.
The result of the optimization refinement is plotted in Fig. 14 and
shows the calculated Gaussian curves, which would correspond to the
PSD of the samples CA-50, CA-14 and CA-4 before hydration. As the
starting value for the expected σ the measured d50 value from laser
granulometry was used. The result of d50 after refinement showed a
higher available surface area for sample CA-50 and lower d50 of 21 μm
than the measurement from laser granulometry. The available surface
area for the very fine sample CA-4 fitted best for the higher d50 of
10 μm. The cumulative volume of all threeGaussian curveswas calculat-
ed to 100%. These corrections perfectly fit the effects caused by agglom-
eration of fine particles (reduction of available surfaces) and the
increased available surfaces due to pores and cracks which predomi-
nantly occur with bigger particles.

In the next step the residual diameter of the CA particles encapsulat-
ed by a dense layer of hydrate phaseswas refined. The CA particles were
assumed to be spherical and the loss of CA volume by dissolution is best
described as a reacted shell (3-D) or as rim for two-dimensional illustra-
tion. For the refinement of the thickness of the rim the determined
remaining amounts of CA in the three CA samples after 22h of hydration
from in-situ QXRD (Fig. 7) were used. The refined reacted rim thickness
of 1.3 μm showed the best results in accordance with the in-situ XRD
and heat flow calorimetry observations. The loss of CA particle volume
due to the reacted rim is shown in Fig. 15. In consequence of the final

Table 6
Averaged scale factor (SF) ratio of C2AH7.5/C2AH8of the samples
CA-50, CA-14 and CA-4 for a hydration time period from15 to 22 h.

Sample SF ratio C2AH7.5/C2AH8

CA-50 1.9 ± 0.1
CA-14 2.3 ± 0.2
CA-4 2.1 ± 0.5

Hydration

Reacted rim

Remaining CA in core

CA particles

Mixing water

A

B

Fig. 12. The hydration model for the hydration of CA particles in different particle size distribution. The CA particles are dissolved from surface to inside (reacted rim).
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result of the optimization we can assume that particles with a diameter
less than 2.6 μm can be dissolved completely during hydration reaction.
For particles bigger than 2.6 μm in diameter the dissolved volume of the
particle is related to the size of particles before hydration. Generally the
remaining volume of CA after 22 h must be higher for bigger particles

than for smaller. The simulated particle size distribution without the
subtracted reacted rim of 1.3 μm is plotted in grey (Fig. 15).

The cumulative volume-% (dotted curves) is calculated for a reacted
rimwith a thickness of d=1.3 μm. The refined data of the coarsest sam-
ple CA-50 shows the highest residual CA volume of 66%. This corre-
sponds with the remaining relative amount of CA determined by
QXRD after a hydration time of 22 h. The refined data of the sample

4 cracks9 cracks

Predominant effect:
agglomeration

Predominant effect:
increased surface area

Very fine fraction Very coarse fraction

CA particle

water accesible
for CA surfaces
non-water filled
regions

Increased surface area
through cracks and pores

Fig. 13. Illustration of agglomeration effect for veryfine fraction in the left box. Non-waterfilled regions due to agglomeration are indicated by red colour. For very coarse particles the effect
of increased surface area is predominant. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 14. Calculated Gaussian curves representing particle size distributions fitting samples
CA-50, CA-14 and CA-4. The very fine fraction refined best for d50 of 10 μm (reduced
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Fig. 15. Remaining CA particle volumes after refinement for a thickness of the reacted rim
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and CA-4 after 22 h of hydration.
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with medium fineness (CA-14) suggest a remaining volume of 53%
whereas for the sample with the highest fineness (CA-4), 38%.
Also those results fit with the data as obtained during in-situ XRD
quantification.

5. Conclusions

In thisworkwe have been able to show by heat flow calorimetry, in-
situ XRD and by heat flow calculations that the amount of dissolved CA
during the main reaction of CA hydration is dependent on the fineness
of the CA particles. Finer particles lead to an increased degree of hydra-
tion and increase the rate of hydration during the main reaction itself.
With very fine particles (d50 = 4 μm) a first dissolution of CA appears
shortly after the initial period which leads to a longer period of induc-
tion for thefirst hour of hydration time.Moreover, for suchfineparticles
the starting point of themain reaction is noticeably retarded but is char-
acterized by a much higher rate (Fig. 4, heat flow measurements) and
degree of hydration (Fig. 7, dissolution of CA).

The starting point of themain reaction for very coarse particles of CA
(d50 = 50 μm) is observed to appear very close to the initial period and
is accompanied by precipitation of C2AH8 and C2AH7.5. The main reac-
tion itself is characterized with a very slow rate of hydration and only
very low amounts of CA (34 rel.-%) were dissolved after 22 h. The re-
sults lead to the hypothesis that during the main reaction the CA parti-
cles are covered with a dense hydrated layer consisting of hydration
products (AHx and C2AHx). The percentage of reacted CA (reacted rim)
is supposed to have the same thickness for all particles in any investigat-
ed CA powder. During calculations based on Gauss distribution curves
which were applied to simulate a better realistic particle size distribu-
tion, a reacted rim thickness of 1.3 μm showed the best fit to describe
the amounts of residual CA after a hydration time of 22 h. Moreover it
could be shown that the hydration degree of fine particles is limited
through agglomeration. It can be assumed that the addition of dispers-
ing agents should additionally increase the degree of hydration for
fine particles.

We could show that the hydration degree of CA is directly depen-
dent on the fineness of CA particles. Fine particles lead to a higher
degree and rate of hydration than coarse particles.
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For refractory application inert alumina fillers frequently are mixed with calcium aluminate cements to improve

particle packaging and to reduce the demand of water for low-cement castables. This finally results in decreased

porosity and higher strength. Investigations by isothermal heat flow calorimetry show that the presence of alumina

filler material with high specific surface area leads to a shortening of the induction period of calcium aluminate

cement hydration. The study also demonstrates that the specific surface area of the chosen alumina filler changes the

starting point of the main hydration reaction and in consequence the setting time of the calcium aluminate cement

mixture is strongly influenced. During the dormant period the heat flow of calcium aluminate cement hydration with

coarse alumina filler material of lower specific surface area is characterised by negative values. By addition of filler

with higher specific surface area, the surface available for heterogeneous nucleation can be increased. Owing to more

available surfaces the critical energy barrier for stable nuclei formation can be reduced. This results in a positive heat

flow during the dormant period and a shift of the main reaction to earlier points in time.

Notation
ASL solid/liquid interfacial area
GV free energy per volume
Hxxh heat of hydration after xx hours
n nucleation rate
r radius of nuclei
S(Θ) wetting angle
T temperature
TΔS entropic term, a constant
VS volume of solid nuclei
γSL solid/liquid interfacial free energy
ΔG change in Gibbs free energy
ΔH change in enthalpy

Introduction
Calcium aluminate cements (CACs) are widely used for very
different applications. Owing to their chemical resistance and
rapid strength development they are often applied in aggressive
chemical environments such as seawater construction or waste
water pipes, or they may be used as a quick repair cement.
Materials produced from CAC with high alumina content
(70–80 wt% aluminium oxide (Al2O3)) can sustain high temp-
eratures up to 1800°C and are therefore compatible for refrac-
tory applications. For the purpose of hydration and strength
control chemical inert fillers are admixed to CACs (Buhr et al.,
2014; Kockegey-Lorenz et al., 2011). Owing to more dense

particle packing, strength improvement can significantly be
increased by addition of very fine particles. In the mid-1980s,
low-cement castables (LCCs) with a decreased demand for
mixing water were introduced. Such LCCs are characterised by
a cement content typically between only 5 and 8 wt%.

The main clinker phases in white CACs are monocalcium alu-
minate (CaAl2O4 or CA) and monocalcium dialuminate
(CA2), where the main phase CA is responsible for early
strength and hydration development. CA2 is known to show
weak hydraulic activity but exhibits a continuous heat flow
after the main reaction for several days (Klaus et al., 2013).

The hydration of CAC has already been studied very extensively
by several authors. For the temperature range between 0 and
20°C Bensted (1993) and Buttler and Taylor (1958) describe
precipitation of predominantly CAH10 (CaO·Al2O3·10H2O)
together with amorphous AHx (Al2O3·xH2O). After longer
hydration periods the amorphous phase can convert to C2AH8

(2CaO·Al2O3·8H2O) and crystalline gibbsite (AH3) (Guirado
et al., 1998; Rettel et al., 1985; Scrivener and Taylor, 1990).
Between 20°C and 30°C C2AH8 and AH3 are most common.
Between 30°C and 90°C, however, mainly hydrogrossular
(katoite, C3AH6) and AH3 are formed (Perez et al., 1983).
Alumina fillers, which are added as fines in the matrix or as
coarser aggregates, are usually chemically inert materials and
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do not exhibit heat flow. However, hydration kinetics of CAC,
and especially the extent of the dormant period, are changed
by admixing different fillers.

Several additives are known to control the setting time of
CACs. Accelerators such as lithium salts can heavily shift the
setting time to earlier times of hydration (Gosselin et al., 2010),
whereas citric, tartaric or phosphorous acid are applied to
retard setting time (e.g. Scrivener and Capmas, 2003). Goetz-
Neunhoeffer (2005) showed that the addition of lithium
carbonate (Li2CO3) in CAC leads to the formation of a lithium–

aluminium (Li–Al) double-layer hydrate, which decreases the
required activation energy for precipitation of C2AH8.

Isothermal heat flow calorimetry is a highly sensitive method
and very suitable for the investigation of cement hydration
kinetics. It is often employed to optimise setting times of binder
systems. Sugama (2006) applied heat flow calorimetry to
monitor the influence of citric acid. For investigations of cement
hydration kinetics at different temperatures in the presence of
lithium salts, Damidot et al. (1997) successfully used isothermal
calorimetry. In the present study the influence of fine alumina
filler on the hydration of CAC was investigated. Alumina fillers
of different specific surface area were mixed with co-sintered
CAC and investigated by isothermal heat flow calorimetry.

Materials and methods
The different alumina fillers (Table 2) were added to a co-
sintered iron-free CAC with a CA content of 49 wt% and CA2

content of 51 wt%. Neither silicate nor iron phases, such as
gehlenite (C2AS) and ferrite (C4AF), were detected in the
CAC. The quantitative phase contents derived by Rietveld
analysis (Rietveld, 1969) of the CAC and of the fillers used are
shown in detail in Tables 1 and 2. Fillers F-1a, F-1b and F-7
contained mainly α-aluminium oxide (α-Al2O3) and minor
amounts of β-aluminium oxide (β-Al2O3), whereas the deter-
mined main phases of alumina filler F-71 are structurally
different transition aluminas, which are responsible for the
high surface area. From the chemical point of view, however,
they are also pure aluminium oxide. For the purpose of hom-
ogenisation the dry powders were filled in a Teflon cylinder at
a ratio of CAC/filler = 0·25 and homogenised in a horizontal

vibrating mill. The heat flows of the mixtures were then investi-
gated by using a custom-made isothermal calorimeter in quad-
ruple design (Kuzel, 1984; Neubauer and Goetz-Neunhoeffer,
2002). A water to solid ratio (w/s ratio) of 0·275 was chosen to
obtain a paste with castable rheology and without the necessity
of using fluidising additives.

Table 3 shows the Brunauer–Emmett–Teller (BET) specific
surface area determined by nitrogen absorption method. The
surface areas of the fillers F-1a and F-1b are typically values
≤ 1 m2/g, whereas filler F-71 shows the highest specific surface
area at 70·6 m2/g. For all fillers, only very low soluble sodium
oxide (Na2O) content of < 0·2 wt% was determined.

Before measurement, the dry mixture and the mixing water
were equilibrated for at least 3 h at 23± 0·2°C. Additionally
the calorimeter was controlled and set to 23± 0·2°C. The mix-
ing water and the dry powder were mixed together for 1 min

Filler
α-Aluminium oxide
(Maslen et al., 1993)

β-Aluminium oxide
(Felsche, 1968)

Trans.
alumina

F-1a 95·2 ± 0·2 4·8 ± 0·2 —

F-1b 98·8 ± 0·2 1·2 ± 0·2 —

F-7 99·6 ± 0·1 0·4 ± 0·1 —

F-71 5·1 ± 0·6 — 94·9 ±0·6

Table 2. Quantitative phase content in wt% of filler aluminas

used

Filler SSA: m2/g Soluble sodium oxide: %

F-1a 0·86 < 0·1
F-1b 1·0 < 0·1
F-7 6·87 < 0·1
F-71 70·6 < 0·2

Table 3. Specific surface area (SSA) determined by BET analysis

and content of soluble sodium oxide for filler materials used

Phase Literature of structure Wt% a: Å b: Å c: Å Beta: degrees

CA Hoerkner and Mueller-Buschbaum (1976) 49 8·695 8·093 15·209 90·186
CA2 Goodwin and Lindop (1970) 51 12·886 8·887 5·445 106·870

Standard deviation
CA 1 0·001 0·001 0·002 0·007
CA2 1 0·002 0·001 0·001 0·027

Table 1. Quantitative phase content and refined lattice

parameters of the CAC clinker phases
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and then transferred into polystyrene sample containers. To
prevent evaporation of mixing water during the measurement,
the containers were sealed tightly before they were inserted
into the calorimeter. Heat-conductive paste was applied
between the sample container and the sample holder (Peltier
element) to achieve faster and more accurate heat transfer. The
room temperature during preparation and measurement was
held at 23± 0·5°C. Each mixture was prepared and measured
three times for 45 h. The data sets obtained during heat flow
measurements were evaluated by Origin 9G (OriginLab Cor-
poration). The heat of hydration for the dormant period was
evaluated from 1 h of hydration until the starting point of
hydration determined by tangent alignment.

Results
Figure 1 shows the time-dependent averaged heat flow curves
for the investigated mixtures. The basic mixture always con-
tains 20 wt% CAC together with 70 wt% of filler F-1a. 10 wt%
alumina fillers (F-1a, F-1b, F-7 or F-71) with different specific
surface areas were added to the basic mixture. All heat flow
values are related to the amount of solid material (20 wt%
cement and 80 wt% alumina filler). The reference heat flow
curve for the mixture of 20 wt% CAC and 80 wt% F-1a is rep-
resented by the black solid curve. For this mixture the
dormant period is characterised by negative heat flow. Then
after 7·6 h of hydration time the main reaction starts very
rapidly and the measured heat flow increases up to 3·5 mW/g
at the maximum. During the period of deceleration the heat
flow decreases and reaches a minimum value of 0·1 mW/g

after 45 h – the end of the measurement. The replacement of
10 wt% F-1a by 10 wt% F-1b (grey dotted curve) shows no
significant influence on the hydration kinetics.

The addition of the filler F-7 with a specific surface area of
7 m2/g causes a shift of the starting point of the main reaction
to 4·8 h of hydration time. The heat flow during the dormant
period is nearly zero, but shows no negative values. The heat
flow curve of the mixture containing F-71, the filler with the
highest specific surface area (70·6 m2/g), shows the earliest
starting point of the main reaction (3 h). Moreover, an induc-
tion period with very low heat flow can be observed instead of
a dormant period.

The cumulative heat in J/g related to the amount of solid
material is shown in Figure 2. The addition of the fillers F-1a
and F-1b leads to a decline of cumulative heat during the
dormant period due to the measured negative heat flow. Then
the heat of hydration increases after 4·8 h during the main
reaction and finally reaches values of 93 and, respectively,
92 J/g. The heat of hydration of the mixture containing 10 wt%
F-71 increases to 10 J/g at early times but then reaches a
similar level after 45 h compared to the other investigated mix-
tures. Taking into account all mixtures, a mean value of
94± 7 J/g related to the amount of solid material can be
calculated.

Figure 3 shows the heat flow development during hydration of a
mixture containing 20 wt% CAC and different ratios of the
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Figure 1. Heat flow curves of the mixtures containing 20 wt%

CAC plus 70 wt% F-1a (basic mixture) and 10 wt% alumina filler

of different specific surface area; w/s=0·275; T=23°C
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alumina fillers F-1a (low specific surface area) and F-7 (high
specific surface area). The black solid curve represents the heat
flow development with 80 wt% F-1a only and is characterised
by the latest starting point of the main reaction. With increasing

amount of the alumina filler F-7 the starting point of the main
reaction is shifted to earlier times of hydration. With higher F-7
content of 20 and 30 wt% an exothermic process leads to a
period of induction instead of a dormant period.
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Figure 2. Heat of hydration curves of the mixtures containing

20 wt% CAC, 70 wt% F-1a and 10 wt% alumina filler of

different specific surface area; w/s=0·275; T=23°C
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Figure 3. Heat flow development for the hydration of the

mixtures containing 20 wt% CAC and different contents of fine

(F-7) instead of coarse (F-1a) filler; w/s=0·275; T=23°C
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A more detailed heat flow development for the first 10 h of
hydration time is shown in Figure 4. The two slower hydrating
mixtures with 0 and 5 wt% F-7 show a clear negative heat flow
development during the dormant period.

Discussion
The results very clearly show that not only the type of alumina
filler used, but also the concentration of very fine filler
material (see Figure 3) has a great impact on the starting point
of the main reaction. With higher specific surface area of inert
filler, the starting point of the main reaction is shifted to an
earlier point in time (compare Figure 5). The addition of filler
F-1b shows no influence on the hydration kinetics (Figure 5,
label (c)). This is due to the very similar surface areas of the
fillers F-1a and F-1b. The most pronounced acceleration can
be observed with the highest amount (30 wt%) of alumina
filler F-7 (Figure 5, label (d)). The start of the main reaction
for the mixtures with addition of 10 wt% F-71 (label (a)) is
very similar when compared to the addition of 20 wt% F-7,
but occurs earlier than for 10 wt% F-7 (label (b)). This shows
that nearly the same duration of the dormant period can be
achieved with a lower amount of filler that is characterised by
a higher specific surface area. This has already been described
by other authors, who also observed an accelerating effect
through the addition of alumina fillers (Gessner et al., 2001;
Moehmel and Gessner, 1997; Rettel et al., 1997).

In the literature it is known that the content of sodium oxide
has an additional effect on the setting time of CAC. The

present authors’ previous in situ X-ray diffraction analysis
(XRD) investigations showed that β-alumina (Na2Al22O34) –

the main sodium incorporating phase – does not dissolve
during the hydration process of CAC. As the soluble sodium
content of the fillers F-1a, F-1b and F-7 is very comparable,
it can be excluded as the driving force for the observed shift
of the main reaction. The influence of sodium on the calcium
aluminate cement hydration is ambivalent according to dis-
cussion by previous researchers (Currell et al., 1987; Scrivener
and Capmas, 2003). Sodium hydroxide and sodium sulfate
are known to act as accelerators, whereas sodium chloride
and sodium nitrate are known for their retarding effect
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(Scrivener and Capmas, 2003). The slightly higher content
of soluble sodium for filler F-71 (refer to Table 3) is only a
small difference, whereas the differences in the specific surface
area between the used filler materials are very high. Therefore
the effect of soluble sodium compared with the effect due to
the specific surface area can be assumed to be minimal for the
purpose of this investigation.

The difference in specific surface area obviously leads to the
different kinetics of the investigated mixes with 20 wt% CAC
and 80 wt% alumina.

Nucleation difficulties during the dormant period of
CAC hydration
The time-dependent heat flow is correlated clearly with the
dissolving process of CA. The further decrease of CA
during main reaction is linked to the increase of the C2AH8

hydrate phase (Klaus et al., 2013, 2015). In situ XRD inves-
tigations of synthetic CA/CA2 mixes also show that during
the initial period and the dormant period no crystalline
hydration products are formed. Furthermore, it could be
shown that the first precipitation of C2AH8 marks the starting
point of the main reaction. The mechanisms during the
dormant period or the period of induction of CAC hydration
have been discussed by several authors. It is still not clear
whether the dormant period is generated by a passivation of
early hydrate phases covering the CA particles or by nucleation
problems of the hydrate phases (Moehmel, 2003; Scrivener and
Capmas, 2003). Authors such as Barret et al. (1974) have
explained the dormant period by reference to nucleation pro-
blems of C2AH8 out of solution. Gosselin et al. (2010) showed
that, through the addition of lithium sulfate (Li2SO4), a more
homogeneous and faster nucleation of hydrate phases can be
achieved.

Goetz-Neunhoeffer (2005) stated when Li+ is added to CA
or CAC, at first a lithium–aluminium double-layer hydrate
is formed. Then this intermediate compound is most pro-
bably consumed by the C2AH8 hydrate phase formation,
which releases Li+ again into solution. This again supports
aluminium hydrate precipitation and leads to further CA dis-
solution. Li+ acts like a catalyst, as the intermediate product
decreases the activation energy for C2AH8 nucleation.
Damidot et al. (1997) also conclude that the observed accelera-
tion effect of lithium salts is linked to seed formation. Rodger
and Double (1984) describe a nucleation barrier for the pre-
cipitation of the main hydration products (CAH10 and C2AH8)
and propose that lithium salts play an important role as ac-
celerators by precipitation of a lithium aluminate hydrate,
which acts as a heterogeneous nucleation substrate. The
summary of the above-mentioned data and observations from
different authors strongly indicates that the extent of the
dormant period during CAC hydration is mainly driven by
nucleation difficulties of calcium aluminate hydrates and that
the dormant period can be shortened by very low

concentrations of Li+ leading to the formation of a lithium-
containing hydration product.

It is very likely that, during the dormant period, hydrate nuclei
are formed on the surfaces of the CAC and also on the
alumina filler particles (Scrivener and Capmas, 2003). With
the addition of filler material with very high specific surface
area, the available surface for heterogeneous nucleation can be
increased. Thus more contact points are available for nuclea-
tion (surface-to-surface connections). With respect to hetero-
geneous nucleation, the nucleation will be favoured and driven
forward by additional surfaces (Kashchiev, 2000).

The formation of solid nuclei surrounded by a liquid phase is
accompanied by a change in Gibbs free energy (Porter and
Easterling, 1992) given by

1: ΔG ¼ �VSΔGV þ ASLγSL

where VS is the volume of the solid nuclei, GV is the free
energy per volume, ASL is the solid/liquid interfacial area and
γSL is the solid/liquid interfacial free energy.

With regard to homogeneous nucleation, the nuclei are con-
sidered spherical with no surface-to-surface connections avail-
able. In such a case the interfacial energy ASLγSL is
proportional to the radius r of the nuclei as ASLγSL/ r2. The
volume-dependent free energy VSΔGV is proportional to / r3

(Equation 2).

2:
ΔGI ¼� 4

3
πr3ΔGV þ 4πr2γSL

/� r3 þ r2

The process of nucleation is endothermic and energy is needed
to build up new surfaces (Brown and Gallagher, 2011). The
development of the relevant Gibbs free energies for nucleation
is shown in Figure 6. The critical nucleus radius r* is defined
as the position where ΔG as a function of r exceeds its
maximum. The critical nuclei radius is the minimal size of
stable nuclei (Kelton and Greer, 2010). To obtain this critical
radius the energy barrier ΔG* has to be overcome. With
further growth of the nuclei, ΔG will decrease. As soon as the
difference between two ΔG values is negative, further growth of
the stable nuclei will occur.

The presence of surface-to-surface connections between nuclei
and filler favours the decrease of energy necessary for the
growth of stable nuclei. In such a case the change in the Gibbs
free energy ΔGI is lowered as defined in Equation 3 after
Porter and Easterling (1992) where S(Θ) is defined as the
wetting angle. As a consequence with higher amount of small
filler particles the energy barrier is reduced (ΔG�

I . ΔG�
II), as
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shown in Figure 6.

3:
ΔGII ¼ � 4

3
πr3ΔGV þ 4πr2γSL

� �
SðΘÞ

ΔGII ¼ΔGI SðΘÞ

The nucleation rate n is commonly expressed by the Arrhenius
term (Michaelsen and Dahms, 1996) and is dependent on the
energy barrier ΔG* (Equation 4). For a lower energy barrier
the nucleation rate will increase. As a consequence, the growth
of stable nuclei demands less energy and is accompanied by an
increased hydration rate.

4: n ¼ n0 exp
�ΔG*
kT

� �

In case of isothermal heat flow calorimetry the change in
enthalpy (ΔH ) is measured. Based on its definition the Gibbs
free energy is the difference between the enthalpy and the
entropic term (Equation 5). As isothermal heat flow calorime-
try was used, the entropic term TΔS can be considered con-
stant (Equation 6).

5: ΔG ¼ ΔH � TΔS

6: ΔG ¼̂ΔH � const:

The negative heat flow (+ΔH ) as detected during the dormant
period (Figure 1, and particularly in Figure 4) must be the
result of a pronounced positive ΔG – a nucleation period where
potential nuclei growth is endothermic and consumes energy.
It can further be assumed that, with only coarse filler (low
specific surface area), the formed nuclei have to overcome a
higher energy barrier. In Figure 7 the different values for heat
of hydration measured during the dormant period with increas-
ing F-7 concentrations in the investigated mixtures are shown.
The results show that heat of hydration during the dormant
period is negative for addition of less than about 10 wt% very
fine filler F-7, but then increases with the concentration of the
fine filler. The amount of fine filler material and the heat pro-
duced during the dormant period increased significantly. From
previous investigations it is already known that particle size of
CA in CAC is determining the degree of CAC hydration after
a certain time, and therefore limiting the amount of hydrate
phases formed (Klaus et al., 2015). Taking into account all
measurements and observations, it is assumed that nucleation
determines the point in time of the start of the main reaction
but has no influence on the following hydration kinetics
of CA.

Summary and conclusions
It could be shown that with increasing content of fine fillers of
very high specific surface area the dormant period is shortened
and for this reason the starting point of the main reaction is
shifted to earlier points of time. The addition of filler with
very high specific surface area (F-71) or high concentrations of
filler with high specific surface area (> 20 wt% F-7) results in
an induction period with low heat flow (compare Figure 1 and
Figure 3). A filler characterised by relatively low specific
surface area (F-1a and F-1b), however, exhibits negative
heat flow values during a dormant period and thus strongly
indicates nucleation difficulties for those mixtures (compare
Figure 4).

The investigations showed that isothermal heat flow calorimetry
is a method well suited to predicting or investigating the kinetics

Volume free energy ∝ r3

∆G II∆G I

r

∝ r 2
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Figure 6. Relationship between Gibbs free energy development

for nucleation process and radius of nuclei r after Porter and

Easterling (1992). ΔGI shows the change in Gibbs free energy for

homogeneous and ΔGII for heterogeneous nucleation
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of cement admixes. The results show very clearly that the start of
hydration of CAC mixes – and thus the period of working time –
is influenced significantly by the type of inert filler chosen.
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WHAT DO YOU THINK?

To discuss this paper, please submit up to 500 words to
the editor at journals@ice.org.uk. Your contribution will
be forwarded to the author(s) for a reply and, if
considered appropriate by the editorial panel, will be
published as a discussion in a future issue of the journal.
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