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Abstract 

The calcium sulphoaluminate hydrates are important components of portland cement and con-
stitute the principal matrix formers of some sulphoaluminate cements. Their practical impor-
tance lies in the involvment as intermediates and products of the hydration of portland cements 
under geothermal conditions. Ettringite is a complex mineral (Ca6[A1(OH)6]2(SO4)3 26H20) 
formed during the initial stages of portland cement hydration at ambient temperature, by reac-
tion of sulphate ions released by gypsum (CaSO4.2H20) with tricalcium aluminate (Ca3A1206). 
After exhaustion of gypsum, the remaining tricalcium aluminate in solution reacts with already 
formed ettringite transforming to monosulphate (Ca4Al2(SO4)(OH)12  . xHO). At higher tem-
perature (>100°C), ettringite is unstable and transforms to monosulphate. Monosulphates are 
known to exist as at least four different hydrate forms (x = 8,10, 12, 14). 

In this study the stability of calcium sulphoaluminate hydrates were mapped in various envi-
ronments (variable relative humidity, temperature and alkalinity). The monosulphate hydrates 
were obtained by hydrothermal synthesis using microwave radiation at 120°C. Their formation 
is via ettringite thermal decomposition in autoclave conditions under autogenous pressure. It 
has been shown that a series of calcium sulphoaluminate hydrates can be obtained depending on 
temperature and water activity. The interconversion of the calcium sulphoaluminate hydrates 
was found to be an easy and rapid process, whereby metastable phases are readily formed, 
indicating the lability of Ca-OH-Al-SO4  system. 

The kinetics and the mechanism of growth of calcium sulphoaluminate hydrates are known to 
influence the development of mechanical properties and the characteristics of cements. The 
ettringite crystal growth process was evaluated from the point of view of its influence on crystal 
morphology. General crystallisation methods for ettringite synthesis were developed starting 
from supersaturated solutions of pure phases and its morphology was found to vary with crys-
tallisation factors (temperature for instance); ettringite crystals are generally hexagonal rods 
with different aspect ratios. 

The morphology is also expected to produce changes in the rheological behaviour of cement 
slurry. Here, the contributions of the morphology of the early hydration products were related 
to the evolution of this early time rheology. More specifically, the shear viscosity of ettringite 
rod suspensions has been investigated experimentally to explore the role of size, shape, size 
distribution and particle volume fraction. It was found that an ettringite suspension is a com-
plex system and displays a theology that has been interpreted semi-quantitatively using well-
established rheological models and principles. This work shows how an ettringite-dominated 
suspension will behave as the rods nucleate and grow, and to some extent even aggregate. 
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Glossary 

General cement nomenclature: 

TLA Three letter acronym 

OPC ordinary portland cement 

C: Calcium oxide CaO 

A: Alumina A1203  

S: Sulphate S03  

AH: Aluminium hydroxide Al(OH)3  

CSH2: Gypsum Ca504•21120 

C9H05: Bassanite CaSO4•0.5H20 

CH: Calcium hydroxide/Portlandite Ca(OH)2  

C3AH6: Hydrogarnet 3Ca0Al203•6H20 

H: Water H20 

C3A: Tricalcium aluminate 3CaO•A1203  

C4AF: Tetracalcium aluminoferritelBrownmillerite 4CaO•A1203• Fe2  03  

C6AS3H32: Ettringite/(AFt) Ca [Al(OH)6]2  (SO4)3  .26H20 

C4A911: Monosulphate/(AFm) Ca4  [Al(OH)6]2SO4  xH2O 

C4A91•5N05H15: U-phase NaCa4A1206(SO4)1.5. 15H20 

Other shortenings: 

SEM 	Scanning Electron Microscope 

FEG-SEM Field Emission Gun Scanning Electron Microscope 

XRD 	X-ray Powder Diffraction 

EDD 	Energy Dispersive Diffraction 

ICP-AES Inductively Coupled Plasma Atomic Emission Spectroscopy 

RS 	Raman Spectroscopy 

Glossary of terms: 

Aggregates: are chemically inert, solid bodies held together by the cement (vermiculite, ce-

ramic spheres, perlite, expanded clay, sand, crushed recycled concrete, river gravel, steel or 

iron pellets, etc.). 
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Cement: is a finely pulverized material which by itself is not a binder, but develops the bind-

ing property as a result of hydration (i.e., from chemical reactions between cement minerals 

and water). A cement is called hydraulic when the hydration products are stable in aqueous 

environment. The most commonly used hydraulic cement for making concrete is portland 

cement. 

Cement hydration: is as sequence of chemical reactions between cement minerals and water, 

leading to setting and hardening of the cement-water mixtures. 

Cement paste: Constituent of concrete consisting of cement and water. 

Colloid: a mixture with properties between those of a solution and fine suspension. 

Colloidal suspension: a colloid that has a continuous liquid phase in which a solid is suspended 

in a liquid. 

Concrete: is a composite material-synthetic rock that consists of a binding medium (cement 

paste) within which are embedded particles or fragments of aggregates. 

Flash set: the rapid development of rigidity in a mixed portland cement paste, mortar or con-

crete usually with the evolution of considerable heat. When little or no gypsum was added to a 

ground portland cement clinker, the hydration of tricalcium aluminate (C3A) is rapid and and 

the hexagonal-plate calcium aluminate hydrates starts forming in large amounts soon after the 

addition of water, causing almost an instantaneous set. Rigidity cannot be dispelled nor can the 

fluidity be regained by further mixing without addition of water. 

Ionic strength: the weight concentration of ions in solution, calculated by multiplying the 

concentration of each ion in the solution (C) by the corresponding square of the charge on the 

ion (z) summing this product for all ions in the solution and dividing by 2, (1--0.5 E(  z2  XC)). 

Laminar flow: flow without turbulence. 

Newtonian: flow model of fluids in which a linear relationship exists between shear stress and 

shear rate, where the coefficient of viscosity is the constant of proportionality. 

Non-Newtonian: any laminar flow that is not characterized by a linear relationship between 

shear stress and shear rate. 

Placeable concrete: how easily fresh concrete can be placed and consolidated in forms. 

xv 



Glossary 

Portland cement clinker: is produced by heating the ground raw materials in a rotating kiln 

to 1450°C. It is ground to a fine powder and mixed with a few wt% gypsum to make portland 

cement. 

Raw mix: consists of limestone, clay, bauxite, iron ore and quartz. 

Shear-thinning (pseudoplastic): a decrease in viscosity with increasing shear rate during 

steady shear flow. 

Solubility: the maximum equilibrium amount of solute which can normally dissolve per amount 

of solvent (or solution) is the solubility of that solute in that solvent. 

Structure: in rheology, structure is a term that refers to the formation of stable physical bonds 

between particles (or chemical bonds between macromolecules) in a fluid. These bonds result 

in aggregate, floc, or network structure, which impacts the rheological behavior of the fluid and 

provides elastic and plastic properties. 

Supernatant: is the liquid, containing soluble compounds, that is left behind after a mixture is 

precipitated. 

Supersaturation: refers to a solution that contains more of the dissolved material than could 

be dissolved by the solvent under normal circumstances. 

Viscosity: the tendency of a liquid to resist flow as a result of internal friction. During viscous 

flow, mechanical energy is dissipated as heat and the stress that develops depends on the rate of 

deformation. 
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Chapter 1 
General Introduction 

A gain in knowledge on calcium sulphoaluminate hydrates formation, their stability and flow 

properties assumes a central role in this work. The sulphoaluminate hydrates are important 

components of portland cement and constitute the principal matrix formers of some sulphoalu-

minate cements [131]. These phases are responsible for the setting behaviour of cement [51] 

and affect the hardening process at later stages of hydration. 

The two complex salts of target interest in this study are calcium aluminate trisulphate hydrate 

and calcium aluminate monosulphate hydrate, commonly referred in cement literature to as 

ettringite (AR) and monosulphate (AFm). 

Ettringite (C6A93H32) is formed during the initial stages of portland cement hydration at am-

bient temperature, by the reaction of sulphate ions released by gypsum (CSH2) with tricalcium 

aluminate (C3A). After exhaustion of gypsum, the remaining C3A in solution reacts with al-

ready formed ettringite transforming to monosulphate (C4A9H, where n=14). At elevated 

temperatures, T >100°C, ettringite is unstable and decomposes to monosulphate. 

Monosulphates are known to exist as at least four different hydrate forms [76]. However, as 

with many compounds encountered in cement chemistry, the water content of the monosulphate 

hydrate is not always definite. One of the main handicaps is the difficulty in stabilizing the water 

content during characterization, particularly of the higher hydrate forms (n>12). 

Monosulphate in its pure state remains difficult to synthesize. Since the pioneering work of 

Lerch [80] on monosulphate, revisited by Berman, in 1963, to determine its heat of formation 

[15], it has largely been ignored. The preparation methods of monosulphate mainly result 

from solving the equilibrium diagrams in C-S-A-H system at different temperatures. However, 

current synthesis methods are restricted by an extremely long reaction time and small yield. 

The importance of the calcium sulphoaluminate hydrate stability to cement hydration has been 

long established [32,68,69]. Up to now, most of the publications dealing with the stability of 

ettringite and monosulphate generally refer to ex-situ experiments where the temperature and 
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alkali effects were evaluated independently. Hence, combined effects of those two parameters 

has to be investigated specifically. 

The kinetics and the mechanism of the formation of calcium suiphoaluminate hydrates are be-

lieved to influence the development of mechanical properties [64] and the characteristics of 

cement. The morphology of the calcium suiphoaluminate hydrates for different crystal growth 

conditions is still not a well-resolved question. Most of the studies on the mechanism of et-

tringite formation were focused to explain the expansion characteristics of expansive cements 

and lack a common opinion about the mechanism. Therefore, knowledge on the mechanism of 

crystal growth and its influence on ettringite crystal morphology, are required. 

Ettringite formed in cement/water systems is one of the earliest products and therefore it is 

likely that the ettringite plays an important role in determining the rheology of cement at early 

times. Hence, the morphology is expected to produce changes in the rheological behaviour of 

cement. 

This thesis is organized as follows. In Chapter 2 a novel method to synthesize pure phase of 

monosuiphate, based on microwave heating, is reported. Further, the stability of the monosul-

phate hydrates, in various relative humidity environments, was investigated using powder X-ray 

diffraction (XRD) and complemented by energy dispersive diffraction (EDD). 

In Chapter 3 the combined effects of temperature and alkali on the stability of ettringite and 

monosulphate were studied using synchrotron energy dispersive diffraction (EDD). This chap-

ter is divided into two parts. The first one deals with in-situ synthesis of monosuiphate, to solve 

any uncertainties regarding the reaction products and their stability on cooling from elevated 

temperatures, as emerged from Chapter 2, whereas the second part is concerned with the al-

kali influence on ettringite thermal decomposition to ascertain thermodynamic predictions of 

Damidot and Glasser on hydrate phase stability [30, 31], in analogous conditions. 

In Chapter 4 the ettringite crystal growth process from solution was evaluated from the point of 

view of its influence on crystal morphology. Two different experimental directions were taken 

whereby the supersaturation of the mother liquor was induced either by cooling or solvent 

evaporation. These directions were chosen to be sympathetic to the growing conditions of 

ettringite in the cement systems. Some aspects of nucleation and growth processes are also 

summarized in this chapter with emphasis on the theories of crystal growth from solution and 

on the two main mechanisms that govern crystal growth. 
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The dependence of shear viscosity of ettringite rod suspensions on size and shapes distributions 

and particle volume fraction is investigated in Chapter 5. This chapter describes the preparation 

structure of ettringite suspensions, their rheological characterization and a comparison of this 

with models developed for rod-like colloids. 
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Chapter 2 
Sulphate AFm hydrates 

microwave-assisted chemistry and 
their stability at various relative 

humidities 

In this chapter, microwave radiation is successfully used to provide a novel synthesis method 

for monosulphate hydrate. The stability of the monosulphate hydrates, in various environments 

are investigated using powder X-ray diffraction (XRD). 

2.1 Introduction 

The behaviour of the sulphoaluminates of calcium is of special interest to the cement indus-

try, their stability being directly related to the physical and mechanical properties of portland 

cements (fluidity, setting time, initial strength development, etc.) as well as corresponding 

mortars and concrete. These phases are responsible for the setting behaviour of the cement and 

affect the hardening process at later stages of hydration [51]. 

The crystalline monosulphoaluminate of calcium hydrate is one of the two complex salts that 

are formed during cement hydration. In construction or oil well cements, hydrated calcium 

aluminate sulphates form from calcium aluminate phase (C3A, C4AF)' and a sulphate source 

such as gypsum (C91-12) [89]. Depending on the concentration of aluminate and sulphate ions in 

the solution, the precipitating crystalline product is either calcium aluminate trisuiphate hydrate 

(AR) or the calcium aluminate monosulphate hydrate (AFm) [80]. In saturated solutions with 

respect to calcium and hydroxyl ions, the former crystallizes as prismatic needles in a columnar 

like structure and is referred to as high-sulphate hydrate or ettringite. The monosulphate, a 

trivial name of the low-sulphate form, crystallizes as hexagonal plates. 

nomenclature will be used throughout, see Glossary. 
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The relevant chemical reactions may be written as: 

2[A104] + 3[SO4]2—+ 6[Ca]2++ 32 H20(aq.) = C6A 3H32  (AFt) 	(2.1) 

2[A104] + [SO4]2—+ 4[Ca]2++ 32 H20(aq.) = C4AH(AFm) 	(2.2) 

where n is variable n = 10, 12, 14, etc. Within minutes of cement hydration, ettringite is 

usually the first hydrate to crystallize because of the high [SO4]2—  to [A104] ratio in the 

solution phase. Later, when all the free sulphate is consumed, ettringite reacts with remaining 

calcium aluminate to form monosulphate. AFm forms in addition at temperature above 70°C in 

preference to ettringite (AR), [101]. An insufficient supply of sulphate ions causes the reactive 

calcium aluminate phase to convert to monosulphate instead of ettringite, which negatively 

affects the fluidity of the cement paste [102]. The presence of monosulphate is thought to be 

the cause for rapid stiffening (flash set) [83]. 

However, there are controversial findings with regard to the influence of sulphates on calcium 

aluminate phases dissolution. Although the hydration products of C3A and C4AF depend on 

the quantity of [SO4]2—  in solution, the amount of calcium aluminate dissolution does not 

change, according to Odler and Locher [83, 102]. Nevertheless the rheological changes due to 

the addition of calcium sulphate could not be related to an excessive C3A and C4AF hydration, 

but only to the different hydrates formed. 

Monosuiphate in its pure state remains difficult to synthesize. Since the work of Lerch [80] 

on monosulphate, revisited by Berman, in 1963, to determine its heat of formation [15], it 

has largely been ignored. Experimentally in laboratory conditions, monosulphate 14-hydrate 

has been synthesized by hydrothermal decomposition of ettringite at 114°C using conventional 

heating methods [59]. Small impurities of bassanite were also found as a final product of ettrin-

gite decomposition. In dry conditions, ettringite is known to start decomposing at temperatures 

< 70°C and little or no monosulphate is formed, suggesting that the transformation, ettringite 

to monosulphate, requires environmental control. 

The aim of the work described in the first part of this chapter is to provide a novel method 

to synthesize hydrated calcium aluminate sulphates (AFm)2  based on non-conventional heating 

methods such as microwave heating. This method is increasingly used in material synthesis due 

2 In cement literature the terms AFm and AFt are employed to designate the products which may have variable 
chemical compositions but are structurally similar to monosulphate hydrate or ettringite, respectively. 
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Formation and stability in pure systems and in cements 

to attractive properties of the microwaves. Any low molecular weight, dipolar solvent may be 

heated using microwave radiation. The use of polar starting materials and final products allow 

rapid, specific and controllable synthesis. 

The second half of this chapter is devoted to sulphate AFm hydrates stability in various relative 

humidity environments. As with many compounds encountered in portland cement chemistry, 

the water content is not always definite. One of the main handicaps is the difficulty of stabilizing 

the water content during characterization, particularly of higher hydrate forms. 

2.2 	Conditions for the formation and stability of monosuiphate 

2.2.1 Formation and stability in pure systems and in cements 

A tremendous amount of studies have been carried out on the equilibrium of solid hydrated 

phases in their mother liquor and on the direct observation of these phases by means of physico-

chemical methods (X-ray powder diffraction, microscopy, infrared spectroscopy, differential 

calorimetry, etc.). 

This has made possible identification of the calcium aluminate hydrates and solution of equi-

librium diagrams in C - S - A - H system at different temperatures. The evolution of these 

phases within cements or in the presence of sulphates, carbonates and chlorides have been also 

investigated. The comprehensive study of Jones [69] and D'Ans and Eick [32] on the quater-

nary system C - CS - A - H, showed the equilibrium diagrams for two sets of products, a stable 

system in which the trisulphate is formed and a metastable system in which the monosuiphate 

is formed. More recently, a thermodynamic approach was given by Damidot [31] to determine 

the variation of the system in presence of solutions having known compositions. This was in 

good agreement with Jones and D'Ans works, showing that at 25°C, monosulphoaluminate 

appears to be always a metastable phase with respect to ettringite or to C3AH6. 

Nevertheless, during portland cement hydration, the transformation of ettringite to monosul-

phate at low sulphate concentrations, seems to disagree with the results of Damidot which pre-

dict the formation of C3AH6  instead of monosulphoaluminate (Fig. A. 1). This was explained 

by the fact that, for the most part, the cement hydration does not take place under equilibrium 

conditions and the system is far more complicated (more additional ions in solution, presence 

Of CO2). Applying the ambient temperature methodology for elevated temperatures, Damidot 
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has evaluated the same system at 50'C and 80°C [30]. The results indicate that monosulphoa-

luminate becomes the stable phase at temperatures higher than 45°C, findings also reported by 

Ogawa and Roy [103] and Ghorab and Kishar [52]. 

The heat of formation of C4ASH12  was determined by Berman [15] who also found it to be a 

metastable compound within certain limits of the concentration ratios of the various reacting 

ions. The minimum CaO/A1203  molar ratio is significant because a high OH-  concentration 

favours formation and longer persistence of monosulphate. 

The pure phase of monosulphoaluminate is known to dissolve incongruently [2], with progres-

sive precipitation of ettringite, confirming the relative thermodynamic stability for these two 

phases. 

Studies on the mechanism of formation of crystalline hydrates in the system C4A39 - CS - C - H 

as reported by Hanic and Gabarisova [61] describe the monosuiphoaluminate hydrate formation 

in a two-step reaction. The second step of the reaction is characterized by a first-order (one-

way) reaction mechanism. The euringite converts entirely to the monosulphate hydrate phase 

after one hour in boiling water as seen from X-ray diffraction patterns by Ghorab and Kishar 

[50]. The monosulphate remains stable with a further rise of the sulphate ion concentration and 

a decrease in the aluminium concentration in a solution with an average pH value of 11.6 after 

one week at 100'C. The stability of monosulphate hydrate is enhanced in alkaline environments 

where splitting of the sulphate free phase is favoured [511. 

2.2.2 Structure and morphology of monosulphate 

Mechanical properties of cements as well as corresponding mortars and hardened concrete 

are significantly affected by the formation of calcium aluminate hydrates [86]. The formation 

and the morphology of calcium suiphoaluminate hydrates are associated with key properties, 

such fluidity, setting time and initial strength development. At later stages, focus is placed 

on phenomena such as the disruption of hardened concrete (expansion) by sulphate attack, 

production of shrinkage-compensated and chemically prestressed concrete under restraining 

conditions. 

AFm forms in cement pastes, but persists only in contact with solutions of much lower sulphate 

concentration than is required for stabilization of AFt. The implications of calcium aluminate 

hydrates on the initial fluidity of cement paste is described by Locher [83] in a mineralogical 
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model for C3A hydration (Fig. C.1). In conditions of normal setting, C3A is converted into 

ettringite and as long as the hydrates are not large enough to bridge the space between particles, 

the cement paste is still placeable. When there is an insufficient supply of sulfates, AFm is 

formed (Fig. C. 1, case III and IV). In case Ill small amounts of ettringite are formed during 

the first seconds of hydration, after that the main phases are plate-like crystals of monosulphate 

or calcium aluminate hydrates. The new minerals formed have a negative influence on the 

rheological properties due to their morphology. AFm formation results in a stiff consistency 

which can no longer be improved. 

The morphology of hydrates precipitated from undersaturated solutions with respect to Ca(OH)2  

and CaSO4  is not similar to that of the hydrates formed in supersaturated solutions [80]. The 

hydrates in cements are formed normally under conditions of supersaturation. Replicating 

those conditions and by means of optical microscopy and scanning electron microscopy (SEM) 

Mehta [86] and recently Meredith [90] observed that the monosulphate hydrate has a plate-like 

morphology (Fig. 2.1) and ettringite is grown as short, stubby needles with thickness-length 

ratio of about 1:3. The AFt formed in unsaturated conditions present itself as long slender, 

needle-shaped crystals, hence, during its formation, ettringite may cause expansive stress on 

the confined space [60]. The AFm formation in a confined space may not lead to any expansive 

pressure on the restraining medium, because the stress caused by crystal formation is likely to 

be dissipated by the tendency of plate-like crystals to orientate themselves as 'leaves of a book' 

[86]. However, a reverse effect is expected from the short prismatic crystals of ettringite, which 

appear less sensitive to orientation in conditions of external stress constraint. 

The morphology of monosulphate hydrate obtained by ettringite decomposition, at 130°C to 

150°C in the range of lOOpsi to 600psi, in water was found to be different from that in a cement 

paste [103]. Pseuso-hexagonal outlines of monosulphate hydrate plates with many hexagonal 

holes were observed together with traces of crystal growth in the crystalline mass. AFm shows 

a layer structure in a plate-like morphology, as in clay minerals (Fig. 2.2a). The calcium 

monosulphate hydrate plates are hexagonal or pseudo-hexagonal and optically birefringent. 

The density is 1 .90g/cm3, as determined by Kuzel [76]. 

The calcium monosulphate hydrate was synthesized for the first time by Lerch, Ashton and 

Bogue [80]. In the pure phase, C4A9H12  is difficult to obtain due to a tendency to form solid 

solution together with a-C4AH13. 



Structure and morphology 

(a) 	 (b) 

Figure 2.1: (a) Irregular crystalline platelets of monosulphate observed by Meredith [90] dur-
ing the hydration of tricalcium aluminate (C3A) in the presence of 25% gypsum. 
(b) Hexagonal, lamellar crystals of monosulphate observed by Locher [83] during 

cement hydration. 

A considerable number of studies have dealt with the crystal structure investigation of the 

lamellar AFm [1,76]. All of them report a layer structure, of the brucite type, for calcium 

monosulphate hydrate. 

The structural determination from single crystal diffraction, performed by Allmann [1], yields 

the following lattice constants at 21°C: c0=26.79A and a0=5.76A. The space group is RTh The 

main layer composition is described by [Ca2A1(OH)6]t with an Al-OH bond length of 1.905A 

and respectively Ca-OH bond lengths of 2.36A (3x) and 3.45A (3x). This represents, the almost 

invariant 'vertebral column' of the AFm phases. 

The three octahedral sites of the ordered brucite-like main layer are occupied by one Al and 

two Ca (Fig. 2.2b). The Ca atoms are shifted by 0.57A in the [001] direction away from the 

center of their octahedron and approach an H20 molecule of the interlayer by 2.51 A , therefore 

resulting is a 7-fold coordination for Ca. The rest of the interlayer consisting of 1/2S04 2 , and 

I HO, is disordered. The S042  groups randomly occupy one of the two possible sites in every 

other cell (Fig. 2.2a). When it is missing, S042  is replaced by 2 molecules of water connected 

by the center of inversion. The water molecules adjacent to the Ca form a hydrogen-bond to 

the sulphate group: H20-0=2.37A. The two types of layers are connected by hydrogen-bonds 

with 0-0 lengths higher than 2.74A (Fig. 2.2b). The water of crystallization is bounded in the 

interlayer normal to the c-axis. This facilitate the dehydration properties of calcium aluminate 

monosulphates. 



C 

(b) (a) 

Structure and morphology 

Figure 2.2: (a) General view of monosuiphate 12-hydrate structure as determined by Allman 
(1968) [1]. Structure visualisation and the exploration of crystal packing was 
carried out using Mercury 1.4 [143] (b) The main layer composition. Projection 
on [001] plane. 
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It has been found that for a relative humidity of 35 to 40%, its composition can be expressed as 

follow: [Ca2Al(OH)6] .[1/2SO4  •3H20] [76]. 

Calcium aluminate monosulphate does not form solid solutions with its homologue, calcium 

aluminate trisulphate hydrate. Instead, there is evidence of solid solution with its corresponding 

calcium ferrate hydrate [54]. 

2.3 Microwave heating 

2.3.1 Phenomenon at molecular level 

The electromagnetic spectrum is made of various regions, for example X-rays, ultraviolet and 

infra-red region. The region between the infra-red and radio wave is known as the microwave 

region. Microwave radiation has wavelengths between 1 jm and 1 m, and frequencies between 

30 and 0.3GHz [47]. Generally the electromagnetic waves consist of two components, the 

magnetic and the electric fields, which are orthogonal [71]. Materials can be heated with high 

frequency waves, such heating being entirely due to the electric field component. The electric 

field component is responsible for the dielectric heating via two mechanisms [92]: 

Conduction mechanism; if there are charged particles present in the sample that can move 

freely through the solid or liquid then these will move under the influence of the field, 

producing an oscillating electric current. Resistance to their movement (increased colli-

sion rate) causes energy to be transferred to the surroundings as heat. This is conduction 

heat. 

Dipolar polarization mechanism: if there are no particles that can move freely in the 

sample but there are molecules or units with dipole moments then the electric field acts 

to align the dipole moments. This produces dielectric heating. 

The electric field of microwave radiation, like that of all electromagnetic radiation, is oscillating 

at the frequency of the radiation. The electric dipoles in the solid do not change their alignment 

instantaneously but with a characteristic time, T. If the oscillating electric field changes its 

direction so the time between changes is greater than T then the dipoles can follow the changes, 

hence will rotate in phase with the oscillating electric field. A small amount of energy is 

transferred to the surroundings as heat each time the dipole realigns but this is just a small 
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heating effect [92]. If the electric field of radiation oscillates very rapidly then the dipoles 

cannot respond fast enough to realign. The frequency of the microwave radiation is such that 

the electric field changes sign at a speed that is the same order of magnitude as r. Under these 

conditions the dipole realignment falls behind the change of electric field. This phase difference 

causes energy to be lost from the dipole by molecular friction and collisions giving rise to the 

dielectric heating [92]. 

The quantities governing this process are the dielectric constant which determines the extent of 

dipole alignment, and the dielectric loss, which governs how efficiently the absorbed radiation 

is converted to heat. To use microwave heating in solid state synthesis at least one component of 

the reaction mixture must absorb microwave radiation [44]. The relationship for the dielectric 

constant, e, can be shown as: 

	

= 	+ jE
F, 
	 (2.3) 

where E'  is the ability of the material to be polarized by the external electric field, " (the loss 

factor) quantifies the efficiency with which the electromagnetic energy is converted to heat and 

	

i = 	/i). The relationship between tan 	8 and r' and E"  is purely mathematical [82] and 

can be described using simple trigonometric rules (Figure 2.3). The following considerations 

are made: the total current is the vector sum of the charging current and the loss current; the 

angle 8 is the phase difference (lag) between the electric field and the resultant polarization of 

the material. 

	

tan 8 	e" /' 	 (2.4) 

charging currant 

Figure 2.3: Definition of phase difference and its relation to &', " and,-*, [144] 
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2.3.2 Aqueous systems and microwave radiation 

In solvent systems the microwave heating results from dipolar polarization [71]. Many solvents 

have a permanent electric dipole due to the differences in the electronegativity of the atoms of 

the molecules. The dielectric properties of water and aqueous solutions are clearly relevant to 

the primary applications of microwave dielectric heating [47]. The water dipole attempts to 

continuously reorient in the oscillating electric field. Dependent on the frequency the dipole 

may move in time to the field, lag behind it or remain apparently unaffected. When the dipole 

lags behind the field then interactions between the dipole and the field leads to an energy loss by 

heating, the extent of which is dependent on the phase difference of these fields; heating being 

maximal twice each cycle. The ease of the movement depends on the viscosity and the mobility 

of the electron clouds [144]. In water, these depend on the strength and extent of the hydrogen 

bonded network. In free liquid water this movement occurs at GHz frequencies (microwaves) 

whereas in more restricted 'bound' water it occurs at MHz frequencies (short radiowaves) and 

in ice at l&Iz frequencies (long radiowaves). The re-orientation process may be modelled using 

a 'wait-and-switch' process where the water molecule has to wait for a period of time until 

favourable orientation of neighboring molecules occurs and then the hydrogen bonds switch 

to the new molecule [144]. Debye's theoretical expressions for E and E"  (equations 2.5 and 

2.6) control the extent to which a substance is capable to couple with microwave radiation and 

therefore are the fundamental parameters for interpreting the dielectric heating [47]. 

I 
E 

	

	
E 3  - EQ 	

(2.5) =E+ 122  

	

(c - E)WT 	
(2.6) E 

= 1+w2r 2  

where E and E 5  are the dielectric constants under high frequency and static fields respectively 

and w is the angular frequency in radians second—'. s results from atomic and electronic 

polarization and r results from the sum of all polarization mechanisms. The relaxation time, 

also considered as the delay for the particles to respond to the field change, is given as: 

4iriir3  
kT 

(2.7) 

where r is the molecular radius, k is the Boltzman constant, T is the temperature and 77 is the 

viscosity. The maximum loss occurs when w = 1/r. For water at 25°C, r is about 8ps and 
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r is half of the inter-oxygen distance (1.4 A) [144]. As the temperature or the water activity 

increases, the strength of the hydrogen bonds decreases, hence the static and optical dielec-

tric permittivities lower. The difficulty for the movement dipole lessens allowing the water 

molecule to oscillate at higher frequencies and reduce the drag of the rotation of the water 

molecules which translate in friction reduction and hence the dielectric loss. The maximum 

for the dielectric loss is encountered at frequencies higher than 2.45GHz, produced by most 

commercially available microwave ovens [144]. 

Microwave energy has been successfully applied in the precast concrete industry, to reduced the 

final setting times of cementitious mortars without degradation of 28-day strength [125]. They 

were also found to greatly accelerate the formation of apatitic calcium phosphate bone cements 

[74]. Because microwave energy generates heat in cement pastes due to the dielectric nature 

of water, microwave heating is a potential method to accelerate cement hydration. However, 

previous research has revealed several advantages from microwave-assisted wet chemical syn-

thesis in reaction acceleration, yield improvement, enhanced physicochemical properties and 

the evolvement of new material phases [133]. 

2.4 	Preparation and analysis of samples 

2.4.1 Microwave-hydrothermal method 

A microwave acid digestion system, MARS 5 (CEM corporation) was used to conduct all 

microwave-hydrothermal synthesis of calcium aluminium sulphate hydrate. The system is 

designed for digesting, dissolving, hydrolyzing or drying a wide range of materials and has 

as primary purpose the rapid preparation of samples for chemical analysis. The system uses 

a 2.45GHz frequency microwave radiation and can operate at a maximum power of 1.2kw 

+15%, but the power can be controlled from 0 to 100%. The system can also be operated 

under controlled pressure up to a maximum of 800psi and the temperature up to 240°C. The 

various parameters were monitored and controlled by a programmable microcomputer which is 

interfaced with the previously stated equipment. The microwave-hydrothermal reactions were 

carried out in double-walled digestion vessels each of which consists of an inner Teflon vessel 

and an outer high strength shell made of Ultem polyetherimide. The temperature inside the 

vessel was measured by an optical probe. The microwave-hydrothermal reactions were carried 

out at 120°C under autogenous pressure. The experimental programm consisted of 2 stages: a 
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5min ramp to above mentioned temperatures, followed by holding the samples at that tempera-

ture from I to 9h. For approximately 4OmL of sample, at the aforementioned temperatures the 

pressure recorded in the sample vessel was 14±1 psi. 

2.4.2 Conventional oven method 

An autoclave system type was built placing a sample cell machined from engineering polymer 

PEEK [145], in a Pyrex bottle with high temperature screw lid. An appropriate volume of 

water was sealed in the system in order to obtain a constant inner vapour pressure. The entire 

autoclave-type system was heated using a conventional oven at 120±5°C from I to 22h. After 

synthesis, the suspensions were cooled to ambient temperature with a cooling step occurring by 

classical convection (the oven was switched off and the sample left to cool naturally to ambient 

temperature). 

2.4.3 Monosuiphate synthesis and characterization 

A stoichiometric slurry consisting of calcium hydroxide (4g of Aldrich Ca(OH)2), aluminium 

hydroxide (2.78g of Aldrich Al(OH)3) calcium sulphate hydrate (3.06g of Aldrich CaSO4.21120) 

in 1 5OmL of water was prepared. 

3Ca(OH)2  + 2A1(OH)3  + Ca(SO4)2 . 2H20 + nH20 	
(2.8) 

-+ Ca4Al2(SO4)(OH)12  6H20 + (n - 4)H20 

The mixing procedure was carried out under nitrogen flow in a glove box to minimize sample 

carbonation. Later, appropriate volumes of sample were transferred to the Teflon container for 

microwave heating or the PEEK cell for conventional oven heating. 

After the microwave-hydrothermal reaction, or conventional oven heating the solids and solu-

tion products were separated by vacuum filtration through a 0.45mm nitrate membrane filter. 

The solid reaction products were dried on silica gel desiccant beds, with a relative humidity 

of 12 to 40%, to drive off excess liquid. The dried solids were subsequently characterized by 

powder X-ray diffraction (XRD) using a Bruker AXS D8 diffractometer with CuK0  radia-

tion (40kv, 40mA). Bragg-Brentano para-focussing geometry with fully monochromated beam 

was used for almost all samples analysis unless otherwise stated. A position sensitive detector 

BRAN (PSD) was employed with this geometry to allow rapid data collection. A monochro- 
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matic X-ray beam is generated by the characteristic Kc, emission of a Cu target element, filtered 

by means of a certain absorbtion edge and additionally sharpened in wavelength by the help of 

a crystal monochromator. In order to record a reflection of order n from a set of lattice planes 

(hkl), the incidence angle 0 must meet Bragg's condition: 

nA = 2dsinO 
	

(2.9) 

where the wavelength, A= 1 .5406A and 0 is the angle of diffraction relative to the crystalline 

surface (adjustable). The letter n is an integer, the factor 2 is the result of the diffracted radiation 

successively passing twice across the space between adjacent planes in the crystal and d is the 

atomic spacing. 

All samples analyzed in this geometry were scanned over an angular range of 5 to 800  20 using 

a step size of 0.014° 20 with a count time of 0.3s per step. The samples were brought to a 

suitable grain size using a Retsch mixer mill and then pressed in front loading holders. 

Some of the XRD analysis have been complemented by energy dispersive diffraction (EDD) 

analysis in order to evaluate wether sample preparation alters the results and to interpret the 

XRD data more fully. EDD is a high-speed method employed to acquire high quality data 

non-destructively. It is a relatively new technique, first demonstrated by Geissen and Gordon in 

1968 [49]. EDD is also based on the form of Bragg's law (Eq. 2.9), where ), the wave length, 

is variable, unlike the XRD, and 0, the angle of diffraction relative to the crystalline surface, is 

fixed (but adjustable). More information on the EDD will be given in Chapter 3, (section 3.2, 

3.3) where the technique constitutes the main investigation tool. 

2.4.4 Stability involving various relative humidities and temperature 

The effects of exposure to either moist or aggressive drying conditions of calcium aluminate 

monosulphate hydrates (lower and higher hydrate forms), were examined. For this, two main 

types of experiments were devised: the samples were either conditioned at various relative 

humidities (r.h.) or dehydratedlrehydrated following a sequence of temperatures from ambient 

temperature to 200°C. 

The conditioning agents used are listed in Table 2.1. Salt in water solutions were prepared and 

placed in individual desiccators to create the corresponding r.h.%. The desiccators were then 

stored at ambient temperature from 1 to 4 weeks. 
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Conditioning agents Relative humidities (r.h. %) 
LiCI 12 

MgCl2-6H20 33 
Mg(NO3)2.6H20 53 

NH4C1 79.5 
KNO3  94 

K2Cr3O7  97 

Table 2.1: Selected relative humidities and corresponding salt in water solutions [58]. 

The starting materials were either a fresh product, as resulted from the vacuum filtration follow-

ing synthesis, or material dried beforehand on silica gel desiccant beds with relative humidity 

from 10to40%. 

Furthermore, in order to observe lower hydrate forms than the ones supplied by various condi-

tioning agents, the samples were dehydrated following a sequence of temperatures from ambi-

ent temperature to 200°C. The sample decomposition is assumed to occur above 250°C. These 

experiments were performed in-situ using a Bruker AXS D8 diffractometer (CuK 1, radiation, 

40kV, 40mA) with an Anton Parr TTK450 heating/cooling stage (Fig. 2.4b). Samples were 

flat pressed and heated in air. The diffractometer was set up in Bragg-Brentano parafocussing 

geometry with a monochromated beam. 

Rehydration experiments were also carried out in-situ on the XRD to observe the higher hy-

drates reformation in conditions of 100% r.h. and temperature up to 50°C. For this experiment, 

a mylar window film with 3p of thickness was fixed with double sided sticky tape on the sam-

ple holder in order to maintain the appropriate r.h. conditions (Fig. 2.4a). The holder has a 

cavity of 1.5cm in length, 1cm wide and 0.1cm in depth. In all experiments the sample was 

subjected to weighing in order to prove water loss and the accuracy of phase identification. 

During this type of analysis, sample high effects are expected due to possible expansion of the 

sample. Fluid pressure build up causes sample to swell. Therefore sample height effects were 

overcome by using parallel-beam geometry. In conventional Bragg-Brentano para-focussing 

geometry the X-ray beam is focussed on the detector (Fig. 2.5a). This technique imposes strict 

geometric requirements on the sample surface and position [119]. If the sample is irregularly 

shaped (displays height variation) the beam will be defocused and peak shift will occur. The 

problems of line broadening and peak shift can be cancelled with a parallel-beam optics. On 

this purpose a 1mm Göbel mirror exit slit and 0.1mm receiving slit was used to obtain a parallel 

beam from a divergent one (Fig. 2.5b). 
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Figure 2.4: (a) Holder containing a monosuiphate sample rehydrated at 100% rh.. A mylar 
window film of 31-zm of thickness was fixed with double sided sticky tape on the 
sample holder in order to maintain the rh. constant. The cavity of the sample 
holder is 1.5cm in length, 1 c wide and 0.1cm in depth. (b) Photograph showing 
diffractometer set-up used for rehydration experiments. An Anton Parr 17'K450 
heating/cooling stage is used to examine the effects of changes in temperature in-
situ from -1900  C to +450° C. Samples can be heated in air or vacuum. 
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Figure 2.5: Focusing diagrams on Bruker AXS D8 diffractometer [142]: (a) conventional 
para-focusing Bragg-Brentano geometry, (b) parallel-beam geometry using a 
parabolic mirror in the incident beam path. 
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The mirror is a parabolically curved multilayer mirror composed of alternating light and heavy 

elements (nickel and carbon) [119]. A scintillation counter replaces the PSD used to detect the 

diffracted X-rays. Long sollers were placed before the detector to exclude non-parallel X-rays. 

Silica flour was used as a standard to calibrate the experiment and compared with the ICDD 

(International Centre for Diffraction Data) pattern (Card No. 033-1161). The calibration error 

was less than 0.5%. Diffraction patterns were collected over an angular range of 5 to 60° 20 for 

approximately half an hour total time using a step size of 0.0140  20 and a count time of 0.1 s 

per step when parallel beam geometry was employed. 

2.5 Results and discussion 

The preparation methods of sulphate AFm result mainly from solving the equilibrium diagrams 

in C - S - A - H system at different temperatures [68]. However, synthesis of monosulphate in 

its pure state remains difficult and requires a strict environmental control. Current methods to 

synthesize pure monosulphate are restricted by an extremely long reaction time, forming crys-

tals insufficiently large and by small quantities of yield material. The yield cannot be increased 

just by multiplying the batches or increasing the volume of the mixture, due to the variability 

of the sample (the precipitates obtained in different batches are distinct in composition, even 

mixed they would not be uniform). Here hydrothermal synthesis assisted by microwaves is 

proposed to produce the sulphate AFm. Simultaneously, the conventional heating method was 

also used in order to prove the advantages of the microwaves on chemical systems. 

2.5.1 Conventional heating 

The sulphate AFm was initially synthesized using the stoichiometric slurry as calculated in 

Eq. 2.8 and following the conventional method described in section 2.4.2. In this case only 

one parameter was varied: the hydrothermal synthesis duration from 1 to 19h. The synthesized 

phases were characterized ex-situ by powdered XRD analysis and energy-dispersive diffraction 

(EDD) and the corresponding results will be presented below. 

XRDIEDD spectra indicate that the sample is crystalline, with peaks characteristic of monosul-

phate 12-hydrate (C4 ASH12) structure (Fig. 2.6). 
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Figure 2.6: XRD (blue pattern) and EDD (red pattern) spectra illustrating formation of mono-
sulphate accommodating twelve water molecules. Green sticks denote ICDD pat-
tern for 12-water monosulphate (Card No. 45-158). The sample was synthesized 
at 125 °C + 4for 19h, by means of conventional heating method. 
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A variation in pattern quality obtained from different systems can be observed. The progres-

sion in quality from laboratory to a high resolution Synchrotron is observed from the increased 

number of diffraction peaks that can be resolved. The intense X-ray beam permits the collec-

tion of the powder diffraction pattern with good counting statistic. A superior collimation of 

the synchrotron X-ray beam is reducing the broadening of the diffraction peaks observed in 

conventional X-ray and therefore makes them sharper and better resolved. Typically in EDD 

the radiation is horizontally polarized in the plane of the electron orbit by comparison to labo-

ratory X-ray sources where the polarization is equal in all directions. This means that the rapid 

fall-off of the intensity associated with laboratory diffraction is reduced. 

Improved crystallinity was obtained with longer synthesis times. Small amounts of ettringite 

and calcite (CaCO3) were identified as the only other foreign phases (Fig. 2.7). 

U) 
4- C 
0 C.) 
4- 
cc 
0 

I— 

1 	1.5 	2 	2.5 	3 	3.5 	4 	4.5 	5 	5.5 	6 

(d/nm 1  

Figure 2.7: X-ray spectra illustrating formation of monosuiphate. Green, red and pink sticks 
denote ICDD patterns for 12-water monosuiphate (Card No. 45-158), ettringite 
(Card No. 41-1451) and calcite (Card No. 05-0586). 

This suggests a possible carbonation of the sample due to destabilization of the system under 

nonequilibrium conditions (non-conservation of water content and the pressure in the autoclave 

due to inadequate seals) and consequently an incomplete transition of ettringite to monosul-

phate takes place. 
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Alternatively, on cooling from elevated temperature there is a possible partial disproportion to 

form ettringite, but there is no clear proof. However this synthesis has proved to be not wholly 

reproducible in subsequent experiments. The evidence suggests the interconversion of the hy-

drates is an easy rapid process whereby metastable phases are readily formed. All this strongly 

indicates that the C - CS - A - H system is labile and is not yet fully understood. Conventional 

heating does not allows easy observation of all complex sequences of changes which occur 

during mineral transformations. It should be noted here that in all conventional heating, energy 

is transferred from the surface, to the bulk mixture (the mixture must be in physical contact 

with a surface that is at higher temperature than the rest of the mixture), and eventually to the 

reacting species. The energy can act in two ways: it can increase the reaction kinetics or make 

the reaction thermodynamically allowed [82]. Nevertheless spontaneous mixing of the reaction 

mixture can occur through convection in the absence of mechanical means. Thus the homoge-

nous distribution of reagents and temperature throughout the autoclave does not take place and 

so the transformation of ettringite to monosulphate is incomplete. 

In conclusion, monosuiphate synthesis by means of conventional heating can provide 100% 

crystalline material, for relatively long synthesis time, over 19h, and poor degree of purity. The 

difficulty to secure good seals of the system complemented by a non-uniform heating establish 

this method as insufficient to produce high quality yield. 

This made the subsequent use of the synthesis product, to study its stability involving various 

relative humidities and temperatures, impossible. 

2.5.2 Microwave heating 

The use of microwave heating for the synthesis of sulphate AFm is evaluated here. Starting 

from the stoichiometric formulation (Eq. 2.8) we demonstrate that microwave heating drasti-

cally shortens the synthesis duration. It was decided to use microwave heating to accelerate the 

very long synthesis time typically described in the literature and in section 2.5.1. The structure 

of as-synthesized monosuiphate was determined by X-ray diffraction patterns (XRD). Fig. 2.8 

shows the XRD patterns of as-synthesized sample immediately after filtration in the wet state 

compared with samples dried over silica gel desiccant beds at ambient temperature. 
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Figure 2.8: Comparative diffraction patterns of monosuiphate showing positions of peaks rel-
ative to ICDD patterns for 14-hydrate, 12-hydrate monosuiphate and corundum. 
Bottom pattern represent the sample as-synthesized and the others represent pat-
terns of samples obtained from different synthesis. The duration of the synthesis 
was 9h for all samples. Green, blue and red sticks denote 14-hydrate, 12-hydrate 
monosulphate and corundum. Corundum was added as internal standard (mixed 
with the sample in a known proportion) in the last sample to confirm accurate peak 
positions. Key: ms12 = C4A9H12, ms14 = C4 A9H14  
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After 9h of synthesis, the pattern of the sample X-rayed when still moist with the mother liquor 

shows peaks characteristic of monosulphate 14-hydrate (C4A9H 4) structure (at 0.95nm, l/d 

1.05nm 1). Under conditions of low r.h. (12 to 40 %) this phase dehydrates to 12-hydrate 

monosulphate (C4ASH12) with a basal spacing of 0.89nm (lId 1.12 nm-1). These compounds 

have the same crystal structure and differ only in the presence of hydrate water present in the 

zeolitic channels. Some of the water in these compounds is tightly bound chemically; the re-

mainder is more loosely bound and capable of variation with ambient temperature and humidity. 

In order to give a good representation of multiple scans, that highlights trends between scans 

in time, a level view mode was chosen. The level view is an X-Z view of the 3D data. The 

scans are always displayed with increasing reaction time and cover exactly the same range and 

were measured at the same step-size. The information on Z is given by iso-intensity curves 

(contours). A local maximum of the surface corresponds to a contour of the iso-intensity lines 

forming concentric circles around a point. 

Increasing the synthesis time shows the whole scenario for monosulpate formation. In the Fig. 

2.8 and 2.9, the following sequence of d-spacing was found: 0.97nm (1/d 1.03nm 1), 0.95nm 

(1/d 1.05nm 1) and 0.88nm (1/d 1.13nm) which correspond to ettringite, 14-hydrate and 12-

hydrate monosulphate, respectively. The first period of reaction is characterized by the presence 

of ettringite even in the case of stoichiometric composition for monosulphate, in keeping with 

the observations of Havlica [64]. 

The measured pH of all samples at the end of synthesis varies between 11.6 and 12.5. This high 

OH—  concentration favours formation and longer persistence of monosulphate. The average 

pressure measured in the vessel was I Opsi, the equivalent of '0.68bar. For this pressure, the 

boiling point of the system will be reached at approximately 90°C, which will correspond 

with the start of ettringite decomposition. After 3h synthesis we observe the ettringite peak 

(reflection 1 0 0 at 0.97nm l/d 1 .03nm 1) decreasing at the expense of monosulphate 14-

hydrate formation (reflection 0 0 3 at 0.95nm (lId 1.05nm 1). Small amounts of gypsum 

co-exist with the resulting products for up to 7h after which they are completely consumed to 

form monosulphate 14-hydrate. 



Results and discussion 

The contour plot in Fig. 2.9, shows a sample conditioned on a silica desiccant beds for 2 

weeks suggesting the cohabitation of ettringite and monosuiphate phases up to 7h of synthesis. 

The co-existence of the two hydrated forms suggest two types of 14-hydrate structures, one in 

which the water is tightly bound chemically and a second were the water is more loosely bound, 

hence monosuiphate 14-hydrate is capable of variation with ambient temperature and the above 

mentioned humidity. If samples were conditioned in the same conditions for an additional two 

weeks we observe a partial disproportion to form ettringite. It is apparent that the trisuiphate 

was being reformed during the exposure, proving the metastability of the monosuiphate 14-

hydrate structure at room temperature. 

Fig. 2.10 shows several XRD scans on samples analyzed after 4 weeks of conditioning at r.h. 

between 13-40%. Only ettringite and monosuiphate 12-hydrate were observed as stable phases 

in these conditions. 
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Figure 2.9: Contour plot of several XRD scans illustrating mineralogical changes through 
time. Scans were collected on samples with synthesis times from 1 to 9h, 2 weeks 
after they were conditioned over silica gel desiccant beds with ,h. between 13 - 
40%. Key: ms12 = C4A9H12, ms14 = C4A9H14, e = C6A93H32 

27 



9h 

7h 7 

6 

I-. 

0 

C) 

CO  

2 

0 

1 	 2 

- 
(d/nm) 1  

i., 

Results and discussion 

24 	 3 	 4 	 5 

- 
(d/nm) 1  

Figure 2.10: Contour plot of several XRD scans illustrating mineralogical changes through 
time. Scans were collected on the same samples as in figure 2.9, which were con-
ditioned at the same ,h. for another 2 weeks. Corundum was added as internal 
standard for accurate identification of peak position. Key: ms12 = C4ASH12, 
ms14 = C4A9H14, e = C6A93H32, c = A1203  
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2.5.3 Stability of monosuiphate hydrate 

By the reduction in the temperature and/or augmentation of the hygrometry one reforms initial 

aluminates. To observe the hydration stages of monosuiphate, the samples were first condi-

tioned at various relative humidities (r.h.) using different conditioning agents, as described in 

section 2.4.4. Samples consisting of monosuiphate 14-hydrate were exposed when still moist 

with the mother liquor. The dehydration process was followed by X-ray analysis. 

As can be seen in Fig. 2.11 after one week of exposure, monosuiphate 14-hydrate is stable 

above 94% r.h.. Below 79% r.h. at ambient temperature, complete transition to the low-hydrate 

form is observed. This corresponds to monosulphate 12-hydrate with a characteristic peak at 

0.88nm (l/d 1.13nm 1). This is in agreement with the work of Dosch and Keller [40] which 

state that the dehydration of 14-hydrate to 12-hydrate occurrs at room temperature and 95% 

r.h.. 

If aggressive dehydration then proceeded in a vacuum, an additional peak to that of monosul-

phate 12-hydrate, with basal d-spacing of 0.804nm (l/d 1.24nm 1) is observed. This corre-

sponds to a hydrate form with water content less then 10 molecules. Monosulphate 10-hydrate, 

with basal spacing of 0.81 5nm (1/d I .22nm') was observed on a sample dehydrated on silica 

gel desiccant beds with r.h. maintained to 10%. The relative humidity at which the 10-hydrate 

is observed here is much lower than the one stated by Dosch and Keller [40]. 
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Figure 2.11: Contour plot of several XRD scans illustrating mineral changes as function of 
r h.. All range of r h. was covered as in Table 2.1. Additional samples were also 
vacuumed. The starting material was 14-hydrate still wet with the mother liquor. 
Key: as in Fig. 2.10, mslO = C4A9H1O 
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The effect of relative humidity on dried specimens was also investigated. For samples previ-

ously dried using the hydration/dehydration yield interesting results. Fig. 2.12 shows reforma-

tion of ettringite for r.h. above 79%. 
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Figure 2.12: Contour plot of several XRD scans illustrating mineral changes as function of 
ih.. The sample was dry material previously conditioned on silica desiccant beds 
with r h. 30%. 

Aggressive dehydration of monosulphate 12-hydrate at elevated temperature in a dry state 

(r.h.=12) was observed using the heating stage as described in section 2.4.4. Fig. 2.13 shows 

the main changes in basal d-spacing at 40 and 100°C. We observe monosulphate 12-hydrate 

conversion to 10-hydrate with d-spacing of 0.81imi (lid I .23nm 1) occurring at 40°C. 

Further dehydration produces a split off of two more water molecules from the interlayer obtain-

ing a phase with basal spacing of 0.79nm (l/d 1.26nm 1) occurring at 100°C. This corresponds 

to 8-hydrate as the d-spacings plot linearly for water loss (Fig. 2.13). 

In presence of 100% r.h and temperature of 60°C, using the same set-up described in section 

2.4.4, we observe complete rehydration of 12-hydrate to monosulphate 14-hydrate (figure 2.14). 
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Figure 2.13: (a) Contour plot of several XRD scans illustrating monosulphate 12-hydrate de-
hydration as function of temperature. The temperature was ramped from 25 to 
150'C Two main transformations are observed at 40 and 100'C when conver-
sion to 10 and 8-hydrate monosulphate occurs. (b) Plot of d-spacing changes 
versus water loss. 
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Figure 2.14: Contour plot of several XRD scans illustrating monosulphate 12-hydrate rehy-
dration to 14-hydrate as function of temperature. The temperature was ramped 
from 25 to 150 °C. The transformation occurs at 60'C. 

2.6 Conclusions 

The practical importance of mapping the hydrothermal stabilities of these compounds lies in 

their involvement as intermediates and products of the hydration of portland cements under 

geothermal conditions. As with many compounds encountered in portland cement chemistry, 

the water content is not always clearly stated. 

A novel method for monosulphate synthesis was provided and monosulphate hydration stages 

were investigated. 

1. From reaction mixtures, the monosulphate 14-hydrate (as-synthesized sample, in wet 

state) was obtained by hydrothermal synthesis using microwave radiation at 120°C. Al-

though 100% crystalline samples have been obtained by both synthesis methods, the 

overall synthesis time is shortened from 19h to 9h in the microwave-assisted heating 

compared with the conventional method. Microwave heating has several advantages over 

conventional heating: it is able to reduce non-uniformity due to its superior penetration 

depth and it can better control the energy absorbtion which leads to optimization of the 

overall heating process. 
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Conclusions 

Monosuiphate formation is via ettringite thermal decomposition in autoclave conditions 

under autogenous pressure. It has been shown that a series of AFm hydrates can be 

obtained depending on temperature and water activity. Some of the water in these com-

pounds is tightly bound chemically; the remainder is more loosely bound and capable of 

variation with ambient temperature and humidity. 

After one week of exposure to salt solutions with various r.h., monosulphate 14-hydrate 

is stable above 94% r.h.. Below 79% r.h. and ambient temperature, transition to mono-

sulphate 12-hydrate is observed. 

Monosulphate 14-hydrate is found to be a metastable phase in conditions of ambient 

temperature and r.h. up to 40%. This phase dehydrates to 12-hydrate in above mentioned 

conditions and for longer exposure times presents a disproportion to form ettringite. 

Monosuiphate 10-hydrate was observed on samples dehydrated on silica gel desiccant 

beds with r.h. maintained to 10% or more aggressively in vacuum conditions. 

The following sequence of transformations: monosulphate 12-hydrate - monosulphate 

10-hydrate - monosulphate 12-hydrate was observed at elevated temperature in dry state. 

Two main transformations are observed at 40 and 100°C when conversion to 10 and 

8-hydrate monosulphate occurs. 

At 60°C and 100% r.h monosulphate 12-hydrate reconverts back to monosulphate 14-

hydrate. 
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Chapter 3 
Calcium sulphoaluminate hydrates: a 

synchrotron diffraction study up to 
150'C and reversion on cooling 

In this chapter new information on combined effects of temperature and alkali on the stability 

of ettringite and monosuiphate, studied in-situ by synchrotron energy dispersive diffraction 

(EDD), are reported. 

3.1 Introduction 

The conditions under which the calcium sulphoaluminate hydrates form or are stable are of 

great importance with regards to the setting of cement paste and the durability of concrete 

[17]. Hence the stability of calcium sulphoaluminate hydrates has received renewed interest 

associated with controversies over the temperature and alkali influence. 

The complex calcium sulphoaluminate hydrates are formed in the initial stage of portland ce-

ment hydration by the reaction of the aluminate phases, calcium sulphate and water. In al-

most all commercial cements, which contain any form of calcium sulphate (CSHX), ettringite 

(C6A93H32) is the first complex hydrate to crystallize because of a high sulphate/aluminate 

ratio in the solution phase during the first hour of hydration [48]. Once the calcium sulphate ini-

tially present has been consumed ettringite begins to decompose and monosulphate (C4ASH) 

forms in its place. 

The ettringite forms in the first few hours of hydration of tricalcium aluminate (C3A) and 

brownmillerite (C4AF) and plays a key role in setting [88]. After a few days hydration only a 

small amount remains in the cement paste. In portland cements, the average content of C3A 

and C4AF is about 4-11% and respectively 8-13% [113]. The hydration of C3A is controlled 

by the addition of calcium sulphate dihydrate, thus the flash set is avoided. 
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In cements, monosuiphate either forms at ambient temperature by exhausting the sulphate 

source [78] or above 114°C by ettringite decomposition [59].  Formed after AFt disappear-

ance, this phase constitutes 10% of the solid phase in a mature cement paste. The reactions of 

C3A and C4AF with CSH2  proceed as follow: 

	

C3A + 3CSH2  + 16H -* C6AS3H32 	 (3.1) 

2C3A + C6A93H32  + (3n - 32)H -* 3C4A9H 	 (3.2) 

	

C4AF + 3C9H2  + 30H -* C6A93  H32 	 (3.3) 

C6A93H32  -+ C4A9H + 2C9H2  + (28 - n)H 	 (3.4) 

where n is variable [131], but commonly n = 12 or 14. The C4AF phase is known to yield the 

same sequence of products as C3A, however, the reactions are slower [131]. Nevertheless the 

rate of hydration depends on the composition of the ferrite phase. The relatively slow hydration 

of brownmillerite in the absence of calcium sulphate at low temperature (below 50' C) suggests 

that C9H2  is not essential for control of early hydration kinetics in portland cements with low 

aluminium/iron ratio [88]. 

AFt and AFm stability is frequently considered with respect to the availability of sulphate. 

Since the aluminate to sulphate balance in the solution phase of the hydrated portland cement 

paste primarily determines whether the setting behaviour is normal or not, various setting phe-

nomena are affected by an imbalance in the aluminium/sulphate ratio. During a thermal ex-

cursion, a considerable repartition of sulphate occurs between cement containing solid and 

aqueous phases. AFt may dissolve in part or completely at 85°C to maintain high SO4  lev-

els required by the solubility products of AFm /AFt [3]. Upon cooling these processes are 

reversed and AFt precipitation occurs. This mechanism underlies the damaging reversionary 

ettringite found in some heat-cured cements. The stability of calcium sulphoaluminate hydrates 

is strongly influenced by the temperature and solution chemistry [17]. At room temperature, the 

stability region for AFt and AFm was determined by establishing the quaternary C - S - A - H 

system [32,68,69]. More recently, the system was comprehensively reviewed by Taylor [131] 

and Damidot and Glasser [30,31], for a range of temperatures (25 - 85'C) and alkali (Na20) 

contents. 
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Using thermodynamic modelling, the stable phases predicted, at 25°C, are CH, C3AH6, AFt, 

AH and CSH2  with the invariant points given by the stable 3-phase assemblage (Fig. A. la): 

CH + C3AH6 + AFt, 

CH+ AFt +CSH2, 

C3AH6 + AFt + AH, 

AFt + AH + C9H2. 

AFm is confirmed to be metastable at ambient temperature, although in reality it does form in 

cement-based systems due to hydration being a very dynamic process. During the hydration 

Of C3A and C4AF systems a lot of heat is released. Only C4AF hydration, alone, supply heat 

need to form monosulphate [88]. More details on phase relations and and solubility equilibria 

are presented in the appendix (Fig. A. 1 a). The effect of temperature and alkali concentration 

on invariant point compositions are also included (see Table A.1). 

An increase of temperature drastically influences the stability of each hydrate. Between 60°C 

and 80°C AFt becomes unstable with respect to AFm and calcium sulphate [1201. The break-

down of the crystalline hydrated calcium aluminium sulphates reduces the bound water content 

relative to the degree of hydration. For temperature higher than 50'C, there are 6 stable phase 

assemblages predicted (Fig. A. ib): 

CH + C3AH6  + AFm, 

CH + AFm + AFt, 

CH + AFt + C9H2, 

C3AH6  + AFm + AH, 

AFm+ AFt +AH, 

AFt + CSH2  + AH. 

At temperatures approaching 100°C monosulphate also becomes unstable and hydrogarnet 

phases (C3AH6) may form. Taylor reports the formation of hydrogarnet in cement pastes moist 

cured at 90°C for 2 months [131]. 
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In portland cement clinker, alkalies such as Na and K are present. They are derived from the 

clay components accompanying the raw mix. The total amount expressed as Na20 equivalent 

(Na20 + 0.64 K20) ranges from 0.3 to 1.5 %. Their presence is known to have a significant 

influence on the early hydration reactions of the cement [85]. More specific, the presence of 

alkali contributes to OH—  or pH concentration in real cements [31]. The pH variation as a func-

tion of sulphate concentration is particulary relevant to the stability of calcium sulphoaluminate 

hydrates. In alkaline environment (Na20), there are no new hydrated phases formed in the sys-

tem C - S - A - H. Phase relations are similar, but the disposition of the solubility surfaces in 

space are strongly affected [3].  Damidot et al. [30] have shown that with increasing Na content 

and constant temperature, Ca is depressed while Al and especially SO4  are increased. For an in-

crease of Na content from 0 to 1.0 M/L SO4  levels are increased from 0.015 to 11 .22mMIL for 

the following phase assemblage C3AH6  + AFt + CH. The balance between OH—  and S042  

moves to higher SO4  2— levels even further, with increasing temperature. This increase is not 

only due to the decomposition of the sulphoaluminate phases, but also as a result of a shift 

to the right of the equilibrium between alkali hydroxide, calcium sulphate compounds, alkali 

sulphates and calcium hydroxide with increasing temperature [120]: 

CaSO4(s) + 2Me(aq.) + 20H(aq.) -* Ca(OH)2(s) + 2Me(aq.) +S02- (aq.)  (3.5) 

where CaSO4(s) represents sulphate in AFt, AFm and gypsum and Me = Na, K. 

At 85°C, 1.0 M/L NaOH and SO4(aq.) = 193 mIvI/L the following assemblage was predicted: 

C3AH6  + AFm + CH (Fig. A.2) [30]. These two assemblages hold in the more complex OPC. 

A variety of investigations have been concerned with the thermostability of AFt in pure sys-

tems, in cements and in alkaline environments. It has been reported that ettringite decomposes 

at 10-6  bar at 18°C, at 74°C under conditions of normal humidity and pressure, and at 84°C in 

wet N2  gas [52]. When autoclaved at 120°C, ettringite decomposes to AFm and calcium sul-

phate hemthydrate [59]. At temperatures higher than 190°C, sulphate free AFm (hydrogarnet) 

was observed, but undecomposed ettringite was still present [117]. When synthetic material 

of AFt was examined in NaOH solutions up to 1 M and heat treatment at 80'C, it was found 

to convert to a Na-substituted AFm phase (C4 A91.5 N05H151'U - phase') [123]. Instead, no 

U-phase was observed when AFt was directly synthesized in presence of NaOH and tempera-

tures from 40 to 80°C, with a 3:1 sulphate to aluminate ratio [23]. AFt + C9H2  are the only 

crystalline phases identified, evidence that disproves the calculated phase assemblage predicted 
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by the speciation program. However, the rate of ettringite formation was retarded in NaOH at 

all temperatures when compared with synthesis in deionized water [23]. Complex assemblages 

consisting of: AFm + AFt + U - phase were observed for 1:1 sulphate to aluminate ratio [24]. 

While much work has been done examining the formation of calcium sulphoaluminate hydrates 

and the interaction of various ionic species, only a few studies have examined the combined 

effects of alkali and temperature on kinetics [23, 24, 30, 31, 123].  Investigations on calcium 

sulphoaluminate hydrates obtained in various conditions were typically carried out ex-situ on 

reaction products where the reactions had been stopped in some way. This is commonly done by 

adding acetone or methanol and such treatment may remove water from very delicate hydrous 

phases, such as calcium sulphoaluminate hydrates. Moreover, under hydrothermal conditions, 

it is difficult to quench the reaction satisfactorily. As there has been much discussion as to 

whether intermediate phases may not be detected during formation of calcium sulphoaluminate 

hydrates, or accurate transformation temperatures are not obtained, it was decided to use a time-

resolved, in-situ diffraction method to solve this problem. Synchrotron diffraction using hard 

X-ray allows the observer to see the phases which are present in a bulk sample throughout the 

course of the reaction in the presence o water and without inducing sample preparation artifacts 

[88]. 

The purpose of this chapter is to further study the stability of ettringite and monosulphate 

in hydrothermal, alkaline environments using synchrotron energy dispersive diffraction. The 

practical importance of mapping the hydrothermal stabilities of these compounds lies in their 

involvement as intermediates and products of hydration of portland cements under hydrother-

mal conditions. There is much interest in the use of mineral/solution equilibrium models for 

predicting mineral transformations under hydrothermal environments and synchrotron X-ray 

diffraction provides the only realistic way to monitor complex sequences of changes which 

occur [8]. Two experiments are proposed as follow: 

1. Direct synthesis of monosulphate hydrate, Ca4A1206(SO4) . xHO, thermal stability 

up to 150°C and reversion on cooling. The conventional laboratory X-ray diffraction 

study undertaken in chapter 2 has detailed the whole process regarding the monosulphate 

formation and its stability but there are still uncertainties. The monosulphate is found to 

be a very delicate phase and very sensitive to any change of humidity therefore in-situ 

synthesis will solve any concern regarding the reaction products and their stability on 

cooling from elevated temperatures; 
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2. Alkali (NaOH) influence on ettringite thermal decomposition at 150°C to test the ther-

modynamic predictions of Damidot and Glasser [30,31] on hydrate stability in the CaO 

- A1203  - CaSO4  - H20 system in the presence of additional ions such as sodium. 

3.2 The Synchrotron and in situ energy-dispersive diffraction 

A synchrotron is a cyclic particle accelerator that boosts the velocity of electrons, protons or 

ionized atoms very close to the speed of light (e.g. —'0.9999 of the speed of light at 2GeV). 

It is a fundamental principle of physics, that when charged particles are accelerated they emit 

electromagnetic radiation [8]. A wide range of electromagnetic radiation are produced by a 

synchrotron. However, they are often constructed so that the predominant emission consists of 

X-rays. In a synchrotron this energy may used for a number of experimental purposes. 

Particle acceleration is caused by a variable magnetic field coupled with a variable frequency 

of electric field. An adequate adjustment of these parameters secure a constant path of the 

particles during acceleration. This allows the vacuum container for the particles to be a ring. 

The shape also allows and requires the use of multiple magnets to bend the particle beam. 

X-rays produced by the synchrotron method have several advantages over those from conven-

tional sealed X-ray tubes [8]. The X-ray beam is more intense, hence useful data may be col-

lected from samples of much smaller volumes in a much shorter time. Despite the continuing 

success of conventional diffractometers, the higher intensity patterns obtain with synchrotron 

radiation can be used to resolve more difficult space group or symmetry problems, or can more 

easily identify minor phases present in the samples [19, 95, 135]. Another advantage of syn-

chrotron radiation is the continuum wavelength produced from infrared to hard X-ray. Thus 

the appropriate wavelength for a particular experiment can be chosen so that a wider range 

of d-spacing can be detect and different minerals. Any problems related to fluorescence and 

absorption are eliminated. These advantages have guided the development of specialized tech-

niques such as energy dispersive X-ray diffraction. 

Energy dispersive diffraction (EDD) was first demonstrated by Geissen [49] in 1968. The EDD 

is based on Bragg's equation: 

mA = 2dsinO 	 (3.6) 

where the wavelength, A, is variable and the angle of diffraction relative to the crystalline 
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surface, 0, is fixed (but adjustable). The letter n is an integer, the factor 2 is the result of 

the diffracted radiation successively passing twice across the space between adjacent planes 

in the crystal and d is the atomic spacing. The atomic spacing information is obtained from 

measuring the energies of diffracted photons giving rise to a diffraction pattern dispersed in 

energy. Energy, E, relates to A by h, Plank's constant and c, by: 

12.3986 
E=z A keV 	 (3.7) 

Combining Eq. 3.6 and 3.7 the energy-dispersive relation is obtained: 

EdsinO =he = 6.1992keV 	 (3.8) 

The energies of the diffracted photons are determined and counted by an energy discriminating 

detector located at a fixed angle. The diffraction spectrum from each detector comprises 4000 

energy channels, with the channel width about 0.03keV. 

There is a linear relationship between data collection channel numbers and photon energy. This 

relation is given by a equation described by the energy calibration: E = ax + b, where x is 

the channel number and a and b are the calibration coefficients obtained from characteristic 

fluorescence lines from various elements. 

Conventional powder X-ray diffraction in time and/or temperature-resolved mode is an exper-

imental technique to study solid-state kinetics and crystalline materials [122]. On the other 

hand EDD was used to monitor in situ, bulk samples while hydrating at elevated temperatures 

[28, 104]. The technique eliminates the need for quenching and work-up, during which the 

sample may undergo significant and indeterminable structural changes. Thus, it allows the di-

rect observations of crystalline intermediate phases and their subsequent transformation into the 

product phase. Its application in the area of cement chemistry has proved particularly useful 

for detecting and monitoring structural changes and transformations in situations where con-

ventional laboratory diffractions methods do not provide the required penetrating radiation, nor 

do provide sufficient time and resolution [27]. 
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3.3 Experimental 

3.3.1 Station 16.4 

Synchrotron energy-dispersive diffraction (EDD) experiments were carried out on beam line 

16.4 at the Synchrotron Radiation Source at Daresbury Laboratories, UK. The Synchrotron Ra-

diation Source (SRS) at Daresbury is a low emittance storage ring which runs with an electron 

beam energy of 2GeV and stored beam currents in excess of 200mA [25]. Station 16.4 receives 

hard X-rays from a superconducting wiggler magnet positioned in straight 16 of the ring. The 

wiggler magnet is a three-pole device with an on-axis peak filed of 6T and return fields about 

1.2T [25]. X-rays travel from the synchrotron, along an evacuated beam pipe, to the hutch. The 

beam pipe ends inside the experimental enclosure with a water-cooled, 0.1mm thick aluminium 

window, which is connected to the station front end by flexible bellows. 

Triple 
Collimator 
Assembly 

White 

Triple Solid-State 
In Situ 	 Detector Array 
Hydrothermal 

Collimator 	Cell 

Figure 3.1: Schematic diagram of the 3-element detector at Station 16.4195]. 

A detailed description of the experimental enclosure is given by Clark [25]. The incident X-ray 

beam is shaped by a circular pinhole to 0.50mm diameter, and diffracted X-rays then reach 

the detector at fixed angles via flat plate collimators. The energy-dispersive method is a fixed 

geometry technique, with the incident and diffracted X-ray beam defined by the collimator sys-

tem; the diffracted signal originates from a precise region named a lozenge. This region can 

be adjusted from 3mm3  to 10,000m3  by adequate manipulation of the X-ray beam slits, colli-

mation system and diffraction angle. Recently, a unique three-angle energy-dispersive detector 

has been successfully commissioned at station 16.4 [28]. This allows simultaneous data acqui-

sition at three 20 angles and it covers a greater range of reciprocal space (d - spacing). The 

detector unit consists of three germanium crystals, housed behind a thick beryllium window. 

The acquisition hardware is located behind the crystals. 
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3.3.2 Chemistry 

Two reactions of high interest to cement hydration were observed: 

Direct synthesis of calcium alumino-monosuiphate hydrate. To synthesize monosuiphate, 

a calcium sulphate solution was prepared by mixing 0.77g of AR hydrated calcium sul-

phate and I Og of deionised water. The solution was then added to a suspension of calcium 

hydroxide and aluminium hydroxide obtained by mixing I  of CH and 0.69g AH with 

I Og of deionized water. The molar ratio CH:AH:CSH2  used was 3:2:1 (Table 3.1). 

Ettringite stability in the presence of NaOH and temperatures up to 150'C. The sample 

of etthngite used here was prepared by dispersing ig of AR calcium hydroxide and re-

spectively dissolving 1.42g of aluminium sulphate 16-hydrate in 28.56g NaOH solution 

0.5M or IM. The mixture was rather granular and very fluid (low viscosity). Experiments 

at alkalinities of 0.25M and 0.75M respectively, were also carried out. Due to problems 

associated with the beam line (beam dump, beam injection, etc.), the outcome of these 

tests did not become fruitful. 

No. Formulations Molar No. patterns x col- 
lection time (min)  

T/°C Ramp/omin' 

1 CSH2  - 1x2 30 - 
2 CH:AH:C9142  3:2:1 30 x 2 150 2 
3 CH:AH:CSH2  3:2:1 150 x 2 cooling to 30 - 
4 CH:A293H16  in 0.5M NaOH 1:6 62 x 2 1150 1 
5 CH:A2S3H16in 1M NaOH 1:6 62 x 2 1 	150 1 

Table 3.1: Reagents and proportions used in EDD experiments. The experiment no.] represents 
the control sample, which will be subsequently used to optimize the calibration data 
file. For this purpose an anhydrous sample of gypsum will be used. The following 
experiments investigate monosulphate and ettringite stability as proposed above. 

3.3.3 Procedure 

The samples were mixed outside the synchrotron beam, following the proportions described in 

Table 3.1. Each sample was loaded into a reusable autoclave cell (o.d. 12.5mm, i.d. 8mm) 

machined from the engineering polymer polyetheretherketone (PEEK). 
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The PEEK was chosen because of its resistance to high pH and low X-ray absorption. The 

autoclave cells were designed such that the can could withstand heating up to 200°C and l5bar 

internal pressure. The cell was sealed using a brass plug and Viton 'o' ring and then placed in 

a temperature-controlled furnace on the beam line (Fig. 3.2a). 

The furnace is cylindrical and contains a heating element at the bottom and a rotation fan at 

the top which ensures a homogenous temperature within the cavity. The sample is mounted to 

intersect the X-ray beam and rotates at 60 revolutions min 1  about the cylinder axis to improve 

sampling statistics. Light sensitive paper was used to track the beam as it moved along the 

sample, in order to check the position at which the beam hit the sample and to ensure that the 

system was correctly aligned. The oven is fitted with a temperature ramp and hold programme. 

The sample temperature is monitored by a thermocouple inserted into the brass plug. Both 

the heating element and the thermocouple were connected to a temperature controller, working 

with an accuracy of ± 0.1°C. Any thermal losses were minimized by a double metallic wall 

separated by a layer of insulating material (see Fig. 3.2b). The beam passage to and from the 

sample was allowed by the two existent holes, on either sides of the furnace. 

r.r - 

4 	190 	110 	120 	 170 	t6o - 190 25C 	7( 	- 

- 

(a) 	 (b) 

Figure 3.2: (a) Autoclave cell machined from polymer polyetheretherketone (PEEK) (b) The 
Schiumberger furnace used for reactions under hydrothermal conditions. 
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Results and discussion 

The principle of EDD method used in this work is described elsewhere [27] and a schematic 

diagram is provided in Fig. 3.3. The time delay between the start of reaction and start of 

data collection is usually about 5mm. The data acquisition time for a single diffraction pattern 

was 120s (Table 3.1). The time to acquire a series of patterns from a single sample spanned a 

couple of hours. Repeat analysis of some samples were made to check the reproducibility of 

the experiments. 
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Figure 3.3: Representation of the principle of EDD experiment operating with an autoclave 
hydration cell. Furnace main features are also showed: heating element, fan, 
thermocouple and PEEK cell [27]. 

3.4 Results and discussion 

Fig. 3.4 shows the powder diffraction pattern of gypsum, CSH2, constructed from data acquired 

by the three separate fixed-angle detectors. The energy-dispersive detectors allowed simulta-

neous data acquisition at three 20 angles: 1.788, 4.554 and 7.477°, respectively. The pattern 

was obtained from a powder sample in a single 120s measurement in order to optimize the cal-

ibration data file of the following experiments. Typical d-spacing corresponding to C9H2  were 

identified by tick marking pattern no. 33-311 from ICDD (International Centre for Diffraction 

Data). 
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Figure 3.4: CH2  patterns collected from  top, middle and bottom detectors to optimize the 
calibration. The detectors were positioned at 20 angles: 1.788, 4.554 and 7.477, 
respectively. Tick marks in red represent characteristic reflections for gypsum ac-
cording to ICDD. 
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Results and discussion 

3.4.1 Direct synthesis of calcium alumino-monosulphate hydrate 

The synthesis method used in laboratory preparation of monosulphate hydrate was observed in 

situ (chapter 2, section 2.4.3). The progress of the reaction was tracked over 6h (Fig. 3.5). The 

temperature was ramped from 30 to 150°C at a rate of 2°min 1. On cooling, no ramp was set, 

the sample and the oven were left to cool naturally to room temperature whilst scanning. A 

data acquisition time of only 120s was used throughout the experiment. After 5min of mixing, 

ettringite is found to co-exist with gypsum reflections (l/d 3.262 (041), 2.334nm 1  (021)). 

Ettringite (104) and (114) reflections (l/d 2.124, 2.578nm 1) are observed from the first pattern 

immediately after mixing. The reaction progresses with a steady growth in ettringite until all 

hydrated calcium sulphate goes completely into solution, at 75°C± 1, as its solubility increases 

with increasing temperature. At temperatures below 75°C, the following phase assemblage is 

observed: AFt + CSH2. An important observation is that crystalline ettringite forms almost 

immediately due to high sulphate/aluminate ratio even though the stoichiometric composition 

corresponds to monosulphate. The estimate of the temperature error is ± 1°C. 

At 114°C we observe ettringite decomposition, its intense (100) reflection is replaced by a new 

one which match the basal reflection (003) of monosulphate 14-hydrate at l/d 1.047 nm 1  

(Fig. 3.6), The monosulphate with basal spacing of l/d 1.047 nm 1  is the 14-hydrate and 

not the 12-hydrate usually reported. This result is consistent with the early work on thermal 

decomposition of ettringite at a calculated water vapour pressure of 1 .63bar [59]. The gypsum 

acts as a transient intermediate in the decomposition. Bassanite (calcium sulphate hemihydrate) 

is also observed as a decomposition product; the gypsum reflection (014) at l/d 2.334 nm 1  

disappears and (022) bassanite reflection reforms at l/d 3.287 nm 1  (Fig. 3.5). An important 

observation is that the 1/d 3.287 nm 1  bassanite formed is stable throughout the experiment. 

Ettringite becomes hydrothermally unstable at elevated temperatures, part of the sulphate is 

quickly removed from the ettringite structure and monosulphate is formed. When the tem-

perature is ramped even higher, the AFm monosulphate hydrate formed on decomposition of 

ettringite is stable up to the maximum experimental temperature of 150°C. At 150°C AFm 14-

hydrate co-exists with bassanite. An increase in temperature does not induce further changes 

to the stable hydrate assemblages. The same thermal decomposition sequence was reported by 

Satava and Veprek [117], who studied ettringite decomposition in autoclave conditions up to 

232°C. They also reported the stability of monosulphate 14-hydrate up to 190°C. 
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Figure 3.5: Thermal synthesis of AFm. Synchrotron diffraction patterns illustrating mineral 
changes over 6 h. 180 patterns were collected at 2 min interval as the tempera-
ture was ramped from 30 to 150'C at 2°min' and then the sample was naturally 
cooled to ambient temperature. These patterns are collected by the middle detector 
(20 = 4.554°). Here every 5th successive pattern is shown. Key: o = peek polymer 
cell; e = C6AS3H32; g = CSH2; ms-14 = C4ASH; b = CSH0.5. 
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Figure 3.6: Plot of overlapping ettringite (100) (lid 1.028 nm') and monosuiphate (003) (lid 
1.0471 nm') over the temperature interval from 30 to 150'C and reverse on cool-
ing to ambient temperature. The peak at lid 1.310 nm 1  is the 020 gypsum reflex-
ion. These peaks are collected by the detector set at the lowest angle (20 = 1.788°). 
Key: e = C6A 3H32; g = CH2; ms-14 = C4ASH. 
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On cooling over 5h to ambient temperature, no disproportion to reform ettringite was observed. 

Monosuiphate 14-hydrate is a stable phase at ambient temperature and 100% relative humid-

ity, even if the low sulphate form is known to be unstable in water at 30°C [51]. Ghorab et 

al. [52] have described the chemistry of changes of mortars (cured at elevated temperatures) af-

ter cooling at ambient temperature. They reported that the monosulphate formed after the heat 

treatment decreases and ettringite reforms, in contradiction with our findings whereby monosul-

phate 14-hydrate seems to be the stable phase on cooling from elevated temperature. However 

other investigations confirm our results, namely those where cements high in C3A or lower in 

sulphate were used. In these situations monosuiphate is stable at room temperature [43]. 

3.4.2 Thermal stability of ettringite in alkaline solutions up to 150'C 

The effects of temperature and NaOH concentration on the formation and stability of ettringite 

were established by hydrating CH and A293H16  in 0.5 and respectively IM NaOH at tempera-

tures from 30 to 150°C. 

3.4.2.1 Hydration of CH + A293H16  in 0.5M NaOH solution 

The presence of alkali contributes to the hydroxyl concentration both in pure phase systems and 

real cements. The pH variation as a function of sulphate concentration is particulary relevant 

to the stability of ettringite. Modifications of the activity coefficients takes place due to the 

variation in the ionic strength. Thus, a displacement of the equilibrium curve is induced and 

stability fields are modified [30,311. An increase in temperature is also likely to modify the 

phase diagram as the solubility products vary with the temperature. 

According to the work presented here the ettringite stability at 30°C is not affected by the pres-

ence of dilute alkaline solutions (Fig. 3.7). The data in Fig. 3.7 illustrate the synchrotron 

diffraction patterns of ettringite formation at temperatures up to 150°C in an alkaline environ-

ment of 0.5M NaOH solution. The temperature was ramped from 30 to 150°C at a rate of 

l°min 1  and 62 patterns were collected every 2min for 2h. While increased temperature may 

decrease ettringite stability, hydration at elevated temperatures (up to 80°C) does not preclude 

the ettringite formation. 
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Figure 3.7: Ettringite thermostabilily in 0.5 M NaOH. Synchrotron diffraction patterns illus-
trating mineral changes over 2 h. 62 patterns were collected at 2 min interval as 
the temperature was ramped from 30 to 150'C at 1°min 1. Here every 3rd succes-
sive pattern is shown. Key: o = peek polymer cell; p = CH; g = CSH2; ms-14 = 
C4ASH; h = C3AH6. 
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Ettringite was found to be the dominant crystalline phase over the temperature range from 

30 to 80°C and 0.5M sodium hydroxide. The nature and sequence of appearance of the new 

phases at 30°C were the same as for water where the stable phases are CH, AFt and C-91-12 -

When CH and A293H16  is hydrated in 0.5M NaOH solution, the ettringite reflection (104) at 

l/d 2. l25nm 1  is observed within 5min of initial contact with the solution. The reflections at 

d-spacings of 2.623 and 2.869nm (l/d 3.805 and 3.489nm 1  respectively) correspond to CH 

(101) and CSI-12  (-221). 

The effect on hydration of sodium and sulphate ionic species depends on their concentrations 

[24]. At equivalent sodium concentrations, AFt is preferred at high sulphate concentrations. 

If the Na content increases Ca is depressed while Al and especially SO4  are increased. The 

effect of alkali and elevated temperature together increase the SO4  solubility even further so 

that at 85°C± 1 we state the following phase assemblage: AFm + CH. These results support the 

calculations made by Damidot and Glasser [31], which indicate that AFt becomes more soluble 

with increased temperature and alkali concentrations. The study also indicates that sodium will 

not be incorporated into the solid phase. This assemblage stands in the most complex ordinary 

portland cements (OPC) [3]. 

As the hydration reaction proceeds and the temperature reaches 75°C, at pattern 22, two new 

reflections are observed to grow (Fig. 3.8). These correspond to AFm at l/d 2.656 and 

4.046nm' respectively. At this point AN and AFm co-exist as it was previously observed 

[113]. At pattern 25 corresponding to 80°C±1, the ettringite reflection (104) at lid 2.125nm' 

disappears and AFm (006) is observed at d-spacing of 4.779nm, lid 2.092nm'. 

At increasing temperature, the AFm becomes the destination of all sulphate thus the CSH2  

(-221) reflection at l/d 3.489nm 1  disappears and AFm (110) forms at l/d 3.475nm 1  while 

the ettringite (212) at l/d 2.878nm 1  completely disappears. The week reflection of ettringite 

(304) is also replaced by AFm (113) with a d-spacing of 2.756nm. The portlandite reflection 

(101) at l/d 3.805nm 1  is observed throughout the experiment. 

After 50min of hydration ettringite converts entirely to monosuiphate. The stability of mono-

sulphate hydrate is enhanced in an alkaline environment at increasing temperature. Generally 

the AFm is increased with increasing temperature above 80'C, indicating an increasing amount 

of AFm. 
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Figure 3.8: Expanded plot; ettringite thermostability in 0.5 M NaOH. Key: o = peek polymer 
cell; p = CH; g = C9H2; ms-14 = C4ASH; h = C3AH6. 

Fig. 3.9 shows the peak area of the principal Bragg peaks during hydration, each peak having 

been fitted to a single gaussian function. 

The sequence of events on ramping the temperature at 1°C min—' from 30 to 150°C begins with 

a initial rapid reaction to form ettringite. At around 80°C and 50min after mixing ettringite is 

replaced by AFm. At the same time, gypsum is largely consumed as its peak area decreases. 

A striking observation is that at temperatures approaching 130°C, the portlandite CH peak area 

shows a minima followed by an abrupt increase while the temperature is approaching 150°C. 

A further increase in temperature does not affect the phase relations and at 150°C we report 

the following stable phase assemblage: CH + AFm. However, the decomposition of the low 

sulphate form to C3AH6  was not observed in those conditions as predicted in the study of 

Ghorab and Kishar [51]. 
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Figure 3.9: Peak areas over time and increasing temperature showing gypsum (-221) (1/d 
3.489 nm 1) (El), potlandite (101) (lId 3.805 nm') (A), ettringite (104) (lId 
2.132 nm')(x) and ms14 (006) (lId 2.092 nm') (+). 

Clark and Brown [24] state no observation of potlandite CH and calcium sulphate C9H2  when 

tricalcium aluminate and C9H2  are hydrated on 0.5 M NaOH and temperatures up to 90°C. 

They also found as predominant phases after hydration a sodium (U-phase) and carbonate - 

substituted AFm which strongly contradicts this work and the predictions of Damidot and 

Glasser [30]. The thermodynamic calculation of phases stability was established using the 

geochemical code PhreeqC [23]. 

The phase assemblages were predicted using solubility products reported by Damidot and 

Glaser [31] and Reardon [114] at 25°C. A synthesis of these results could be found in the 

Appendix (Table A.2). Both sets of input data predict the phase assemblages observed in this 

work. 
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3.4.2.2 Hydration of CH + A2S3H16  in 1M NaOH solution 

When ettringite formation takes place in more aggressive conditions of alkalinity (up to 1 .0M 

NaOH solution) and elevated temperatures more complex assemblages are observed. The syn-

chrotron diffraction patterns of ettringite synthesis are shown in Fig. 3. 10, for temperatures 

up to 150°C and a alkaline environment of 1M NaOH. 62 patterns were collected every 2mm 

for 2h, while the temperature was ramped from 30 to 150°C at a rate of 1°min 1. In spite of 

the retarding effect of NaOHIKOH [17,23], at 30°C ettringite stability does not seems to be 

affected in I M NaOH. From Fig. 3.11 the following phase assemblage is reported at ambient 

temperature: CH + AFt + CSH2. Typically, ettringite formation is preferentially favourable 

when the pH and alkali/hydroxyl concentrations are depressed [17]. 

Interpretation of the stability of ettringite based on the data reported by Hampson and Bai-

ley [60] and Brown [17] strongly suggest that the upper stability limit for ettringite is in the 

pH range above 12.5 in a cementitious system. Thermodynamic calculations by Damidot and 

Glasser [31] suggest that the presence of soda extends the stability region to a lower pH limit 

of 10.7 or even perhaps as low as 10 at 125mMIL of NaOH while at the same time expanding 

the upper stability limit from 12.5 to about 13 over the same range of soda additions. These 

data agree with the experimental data presented here which demonstrate that ettringite is indeed 

stable over the study conditions from 30 to 75°C. 

Strong reflections of CH (001), AFt (104) and C9H2  (-221) are observed after approximately 

s min after reaction at d-spacing 4.927, 4.710 and 3.481nm (lId 2.029, 2.123 and 3.481nm' 

respectively). However ettringite dissolution is enhanced at elevated temperatures. With in-

creased temperature incorporation of sodium in the solid phase takes place and a sodium-

substituted AFm, referred to as 'U-phase', was observed as a transient hydration product. 

These findings are in agreement with prior work of Shimada [123], who found ettringite to 

convert to 'U-phase' during heat treatment at 80°C in NaOH solutions above 0.25M. The in-

tensity of AFt (104) decreases slowly while an intermediate phase is formed at 4.456nm (l/d 

2.243nm 1, pattern 10). This corresponds to the (103) 'U-phase' (C4A91.5N0.5H15), which 

was first reported by Dosch and Strassen in 1968 [39]. A distinctive (106) reflection is observed 

at 3.528nm (lid 2.833nm 1). In particular 'U-phase' formation was found to cause expansion 

[81]. The ettringite initially produced is increased even when the 'U - phase' formation took 

place. 
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Figure 3.10: Ettringite synthesis at 150'C in 1 M NaOH. For reason of clarity, only one in 
every three diffraction patterns is shown. The experiment was ramped over 2 h 
and held for 5 min at the final temperature. 62 patterns were collected, one every 
2 mm. Key: o = peek polymer cell; p = CH; g = C9H2; ms-14 = C4ASH; h = 
C3AH6; u-ph = C4A 15N05H15. 
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Figure 3.11: Expanded plot of ettringite synthesis at 150'C in 1 M NaOH. Key: o = peek 
polymer cell; p = CH; g = C9142; ms-14 = C4A9H; h = C3AH6; u-ph = 
C4A 1.5N05H15. 

At 55°C the 'U - phase' co-exists with CH, AFt and AFm. Synchronously the (1,0, 10) AFm 

peak is observed to grow at 2.489nm (l/d 4.017nm 1), being subsequently replaced by (431) 

C3AH6  at 2.461m (l/d 4.056nm 1  ) at 80°C. This suggests that the AFm is a metastable phase 

with respect to C3AH6  for low sulphate concentration. The presence of a cationic species seems 

to accelerate AFm formation, as has been observed already at 55°C in this work and to promote 

its stability in the phase assemblage. 

At pattern 22 the main ettringite reflection (104) at l/d 2.123 nm 1  is replaced by AFm (006) 

with a d-spacing of 4.778nm while the temperature raises to 80°C± 1. The 'U - phase' peaks are 

no longer observed above 80°C. The CH (001) reflection continues to be observed throughout 

the experiment. The following phase assemblage was found at 85°C: C3AH6  + AFm + CH, 

consistent with previous work [30,31]. For this assemblage Atkins et al [3] have calculated a 

corresponding SO4aq. concentration of 193mMIL at 85°C and 1M!L NaOH. 
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When the temperature is ramped even higher, to 150°C, the overall phase assemblage stays the 

same but with a significant change in solution composition. Above 130'C, C3AH6  become the 

dominant phase as a result of AFm decomposition. New C3AH6  reflections (211, 220, 321, 

420, 521) are observed at 5.133, 4.444, 3.359, 2.811, and 2.294nm (l/d 1.948, 2.252, 2.977, 

3.558 and respectively 4.358nm 1). 

A decrease in peak area associated with the AFm (006) reflection can be seen in Fig. 3.12. 

This is accompanied by a boost in CH and augmentation of C3AH6  at temperatures from 130 

to 150°C. However, AFm is still observed in the last pattern, whereby it is concluded that an 

additional increment in temperature will probably lead to complete decomposition to hydroga-

met. 
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Figure 3.12: Main peak areas over time and increasing temperature from 30 to 150°C. Areas of 
AFt (104) (lid 2.132 nm') (x red), AFm (006) (1/d 2.092 nm 1) (+), C3AH6  
(211) (lid 1.948 nm')(i), CH (001) (lid 2.029 nm 1)(A), C9H2  (-221) (lid 
3.481 nm 1)(0) and 'U - phase'(103) (lid 2.243 nm 1)(x black). 

58 



Conclusions 

However, at temperatures above 80°C and lower than 100°C, AFm is a stable phase. Its sta-

bility is governed by the calcium concentration in solution and thus by a high pH. As can be 

seen in Fig. 3.12, from 80 to 100°C the CH (001) peak area increases following its solubility 

diminishment with increasing temperature and alkali contribution. 

The addition of sodium causes calcium depression in solution while the aluminium and sulphate 

increases considerably. Both AR and AFm phases are stabilized by high pH, which one forms 

depends on the sulphate concentration as there is an excess of aluminium. However elevated 

temperature increases the SO4  solubility even further and so above 130°C AFm decomposition 

is preferred. 

3.5 Conclusions 

On establishing the stability of the calcium sulphoaluminate hydrate phases both types of hy-

drates were considered, because of the expected transformation of one type to an other under 

different conditions. 

Direct synthesis of calcium alumino-monosuiphate hydrate 

According to the present work AFm monosuiphate 14-hydrate is observed even when 

formulations have a stoichiometric composition of 12-hydrate. 

The first period of reaction is always characterized by the presence of ettringite. The 

AFm 14-hydrate is a stable phase up to the maximum experimental temperature of 

150°C. AFm and small amounts of C91105  co-exist at 150°C. 

On cooling to ambient temperature, no disproportion to form the high sulphate form was 

observed (ettringite). The product of the reaction when still moist with the mother liquor 

always show peaks characteristic of the monosuiphate 14-hydrate structure. 

Thermal stability of ettringite in alkaline solutions up to 150"C 

Ettringite hydration in increasing sodium hydroxide concentrations does not induce changes to 

the stable hydrates assemblage. A summary of the phase assemblages identified in this work is 

given in Table 3.2 and explained bellow: 
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Phase assemblages  
+ 0.5 M NaOH +1 M NaOH Temperature/°C 

CH + AR + CSH2  CH + AFt + CSH2  30°C 

CH + AR + CSH2  'U - phase 'co-exist with CH, AR and AFm 55°C 

AR and AFm co-exist 'U - phase 'co-exist with CH and AFm 75°C 

AFm + CH C3AH6  + AFm + CH 85°C 

AFm +CH C3AH6 + AFm, +CH 150°C 

Table 3.2: Phase assemblages identified in the CaO - A1203 - CaSO4  - f120 system using Syn-
chrotron energy dispersive diffraction method. 

1. Ettringite is stable phase at 30°C and it persists in alkaline solutions up to I M NaOH. 

Ettringite formation was observed to depend upon the concentration of calcium in so-

lution; thus the formation of calcium hydroxide and sodium-substituted monosulphate 

phase competes with ettringite formation. 

Increasing temperature increases the extent of AFm formation and promotes the forma-

tion of 'U - phase'. The 'U - phase' was observed at temperatures between 55 and 80°C, 

conflicting with the study of Damidot and Glasser [31], which indicate that sodium will 

not be incorporated into the solid phase. 

AFm is a metastable phase with respect to C3AH6  for low sulphate concentration. 

Above 130°C, C3AH6  become the dominant phase as a result of AFm decomposition 

in agreement with Taylor's statements on the formation of hydrogarnet in cement pastes 

moist cured at 90°C for 2 months [131]. 
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Chapter 4 
Crystal growth from solution of 

ettringite 

The aim of the work reported in this chapter is to explore the range of morphology developed 

by ettringite produced in different conditions with the emphasis on the temperature as an influ-

encing factor. In particular a new cryo-SEM method is used to image the ettringite particles at 

high resolution and as close as possible to their natural state. The importance of investigating 

the ettringite morphology lies in its influence on the rheological evolution of the cement slurry 

at early times, as it will be shown in Chapter 5. 

4.1 Introduction 

Ettringite is a hydrous calcium alumino-sulphate mineral represented by the formula C6AS3H32. 

According to Bannister [7] et al., the natural mineral ettringite is found very rarely in nature and 

was originally discovered as transparent acicular crystals lining the cavities of metamorphosed 

limestone inclusions. Ettringite is formed during the initial stages of hydration of portland ce-

ment containing small amounts of gypsum as a source of soluble sulphate. When gypsum is 

consumed, most of the ettringite transforms to aluminium monosuiphate hydrate (C4A9H14) 

[48]. Ettringite and monosulph ate hydrate are in equilibrium as long as no external source 

of sulphate is available. In marine structures or structures in contact with different formation 

waters containing high levels of sulphate, the monosuiphate hydrate reverts back to ettringite, 

causing expansion and cracking of the structure [85]. 

Ettringite formation is an important reaction in cement hydration [87]. Its growth during early 

stages of hydration of normal portland cements is generally believed to be responsible for the 

prevention of quick setting [86] which, in the absence of gypsum (09H2) in cements, could 

occur because of the precipitation of calcium aluminate hydrates. Furthermore, ettringite is be-

lieved to cause destructive expansion which occurs in portland cement concrete when it comes 

in contact with aggressive formation waters. 
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However, the precipitation of ettringite in the early stages of hydration does not promote any 

expansion because the cement paste matrix is very porous and flexible, instead it contributes 

to early strength of concrete [64,67]. Because ettringite has a high water content of 46% by 

weight, its formation affects the consistency and workability of cement. Its morphology is also 

found to produce changes in the rheological behaviour of cement (Chapter 5). At later stages 

the matrix becomes rigid and brittle and cannot accommodate the expansion [131]. Ettringite is 

believed to produce the expansive forces typically attributed to factors such as crystal growth, 

varied hydration, and/or adsorbed crystal surface water. 

Numerous theories and models explaining the mechanism of ettringite formation and its expan-

sion were grouped in two schools of thoughts: the crystal growth theory and the swelling theory. 

According to the first, expansion is caused by the growth of ettringite crystals which form on 

the surfaces of the expansive particles or in pore space solution. The growth of these crystals 

causes crystallization pressure and hence expansive forces. According to the second school, 

expansion is caused by swelling of the ettringite particles which are of colloidal size. These 

particles are commonly referred to as a gel. The gel has a large specific area and takes up water 

to produce overall expansion by swelling. However a major disagreement exists between the 

two schools [26]. According to the first school, hydration is more favorable and quicker in the 

presence of lime and ettringite formation is a topochemical mechanism. According to the sec-

ond school ettringite always forms in a through-solution mechanism. Recent investigations on 

ettringite formation acknowledge a through-solution mechanism by inter-diffusion of calcium 

and aluminate ions moving through solution away from the source mineral [89]. A review of lit-

erature on sulphoaluminate cements, shows that understanding of the morphology of ettringite 

formation remains a controversial issue [26]. Most of the studies of the mechanism of ettringite 

formation were focused to explain the expansion characteristics of expansive cements and lack 

a common opinion about the growth mechanism. Therefore, this study will be focused mainly 

on the mechanisms of crystal growth as processes which govern the crystal morphology. The 

C6AS3H32  produced from undersaturated solutions with respect to portlandite and calcium sul-

phate, presents itself as long slender, needle-shaped crystals [80, 86]. However in the concrete 

systems C6A 3H32  is formed under conditions of supersaturation. Replicating those condi-

tions Mehta [86] concluded that ettringite crystals formed under supersaturation conditions are 

no longer slender needles but rather short prisms, probably hexagonal in cross-section, with a 

thickness-length ratio of about 1:3. 
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Most past studies of ettringite involved the reaction of cement components with water; here 

simple inorganic compounds have been used in order to isolate and study only the reaction 

pertaining to the nucleation and growth of ettringite as follows: 

6CH + A2S31116  + 10H = C6AS3H32 	 (4.1) 

It is the purpose of this work to further investigate the difference in morphology of ettringite, 

grown from laboratory reagents portlandite (CH) and aluminium sulphate (A2S3H16), versus 

cementitious phases. Two main processes are known to govern the crystal growth [70]. The first 

consists of the diffusion of particles to the surface of a growing crystal before their incorpora-

tion in the crystal lattice. The second process can be divided into several stages: adsorption of 

the particles by the surface, migration along the surface and finally incorporation in the lattice. 

Crystallization conditions and the nucleation process are governed by factors such as temper-

ature, degree of supersaturation of the solution, pH, viscosity of the solution, rate of stirring, 

presence of impurity, etc [109]. Temperature influence on the growth of crystalline ettringite, 

hence on its morphology will be explored in this study. 

4.2 	Theoretical aspects on crystal growth from solution 

Formation of a crystal from solution is governed by three important stages as shown schemati-

cally in Fig. 4.1. 

the

Generati on of 

 supersaturation  

Uon )>Ø "Th  Growth 	 product 

Driving force 

Figure 4.1: Main stages of crystal formation from solution. 

A crystalline material is a three-dimensional pattern of atoms, ions, or molecules, having fixed 

distances between constituent parts. The formation of crystalline material may occur from a 

melt, from a gaseous phase, from a supercritical fluid or from solution [94]. The most important 

requirement for crystallization is supersaturation, which is the driving force for nucleation to 

occur [33]. Typically a solution is described in terms of the concentration of its components. 
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In order for precipitation to take place, the solution has to be supersaturated [97]. 

The supersaturation can be achieved by a number of methods [70] such as: 

method that uses the temperature dependence of the solubility. In practice the solubility 

of most substances increases with rising temperature. If such solution is gradually cooled, 

its solubility decreases and hence the solution becomes supersaturated. 

method which involves the removal of a solvent at constant temperature. This method 

can be applied to any substance and involves ordinary evaporation. The evaporation of 

the solvent is known to increase the concentration of a solute in a solution and this results 

in a supersaturation. 

method based on the use of chemical equilibrium between substances. In practice the 

supersaturation is achieved by this method by mixing two or more solutions of relatively 

dissolved substances. The new compound formed by a chemical reaction has a con-

centration higher than its solubility in a given substance, hence the solution becomes 

supersaturated with respect to the new compound. 

method which involves introducing into the solution some substance which reduces the 

solubility of the solute. The formation of precipitates by the introduction of various 

agents into the liquid phase is known as 'salting out'. 

The formation of a supersaturated solution is a prerequisite for crystallization to occur. Here 

supersaturation achieved by cooling and solvent evaporation will be explained shortly on a 

typical solubility diagram (Fig. 4.2). The diagram is divided into three regions: 

The stable (unsaturated) region where crystallization is impossible. 

The metastable (supersaturated) region, between the solubility line and nucleation line, 

where growth may occur but spontaneous nucleation does not. 

The labile supersaturated region of spontaneous and rapid nucleation. 

Supersaturation achieved by cooling a saturated solution is represented in Fig. 4.2 by the line 

AC. Cooling a solution with concentration, C, from the initial point A will lead to the point 

B on the solubility curve. At this point the solution reaches the saturation. On further cooling 
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Figure 4.2: The solubility-supersolubility diagram 

the system becomes supersaturated but spontaneous nucleation to form crystals does not occur 

immediately in this region until a point C on the metastable boundary is reached. 

Concentrating a saturated solution by evaporation of solvent is shown by the line AC'. When 

the initial concentration is increased by solvent removal the saturation concentration is obtained 

at point B'. On this line if solvent evaporation continues the supersaturation is attained at point 

C' and hence spontaneous nucleation occurs. The degree of supersaturation in a solution can be 

defined in two ways [70]: using the concept of absolute supersaturation (Eq. 4.2) or as degree 

of supersaturation ((Eq. 4.3): 

AC = C—00 	 (4.2) 
LC 

a = 

	

	 (4.3) 
CO  

where C is the actual concentration and Co  is its solubility limit at a given temperature. When 

C is constant, the departure of a solution from its equilibrium state can be expressed in terms 

rev 



Theoretical aspects on crystal growth 

of absolute supercooling, relative supercooling or coefficient of supercooling: 

AT = T—T0 	 (4.4) 

/3 = 
AT 	

(4.5) 
TO 

TO (4.6) 

where To is the dissolution temperature and T is the actual temperature. However the higher is 

the relative supersaturation, the sooner crystallization will start [126]. 

In a supersaturated solution, part of the solute tends to reorganize itself into a solid form [53]. 

The minimum amount of new phase capable of independent existence is known as nucleus 

or crystallization center [70]. Minute structures are formed, first from the collision of two 

molecules, then from that of a third with the pair, and so on [94]. Initially short chains (mono-

layer) are formed and later the lattice structure builds up. However, the structures formed in 

this manner become stable nuclei only after attaining a certain size, known as critical size and 

determined by their solubility [100]. This process is known as primary nucleation. 

Nucleation of new crystals induced because of prior presence of crystals of the material being 

crystallized is termed 'secondary nucleation' [33].  The new crystals became new centers for 

growth, or secondary nuclei. Crystals grown in the form of needles or dendrites are often fragile 

and small parts of the crystal may break, forming secondary nuclei. There is also evidence that 

the shear forces, imposed on a crystal face by the solution flowing past, are sufficiently to 

produce secondary nuclei [33]. 

As soon as an ordered structure is formed by nucleation, the growth units (atoms, ions or 

molecules) can diffuse from the surrounding supersaturated solution to the surface of the nuclei 

and incorporate into the lattice resulting in crystals of visible size [94]. Three main processes 

govern the crystal growth [70] as shown in Fig. 4.3: 

(1) the diffusion of the growth units to the surface of a growing crystal. 

(II) the adsorption of the growth units by the surface. 

(LII) the migration along the surface and incorporation in the lattice. 

The rate of growth of a crystal depends on several factors such as: temperature, degree of 

supersaturation, viscosity of the solution, pH, rate of stirring, etc. 
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Figure 4.3: Incorporation of crystal forming elements on the surface of a growing crystal. 

The complex dependence of the rate of growth on various factors has resulted in the devel-

opment of a large number of theories which will be shortly detailed below. However, special 

growth theories for growth from solution are not yet developed. The existing theories mod-

ify general models, where the solvent is seen as an impurity [11-14, 121]. The main theories 

are shortly described below. A more detailed review of a set of growth theories is given by 

Sgualdino [121]. 

Diffusion theories 

These theories concentrate on modelling crystal growth process from a technological point of 

view [121]. The basic tent of this theory is that deposition of a solid on the face of a growing 

crystal is a diffusional process [70,94]. 

When a crystal is placed in a supersaturated solution, a layer with a variable concentration of 

the crystallizing substance is formed near the surface of the crystal [70]. The concentration 

across this layer is diffusionally controlled and varies from a concentration, C, equal to the 

concentration of the bulk solution, to the saturation concentration C, at the surface of the 

crystal (Fig. 4.4). This layer is called diffusion layer. On stationary crystals in stagnant aqueous 

solutions this thickness takes values between 20 and 150p. In vigorously stirred solutions 

the layer thickness is zero and the concept of film diffusion is not sufficient to explain the 

mechanism of growth. 

The rate of growth or dissolution of a crystal depends on the amount of matter diffusing through 

the layer. The mass diffusing through the layer taken by unit area is proportional to the absolute 

supersaturation, according to the semi-empirical equation: 

dm 
kmA(CC0) 	 (4.7) 

dt 
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where: m is the solid mass deposited in time, A the surface area of the crystal, C the solute 

concentration in solution (supersaturation), CO  equilibrium saturation concentration and km is 

the coefficient of mass transfer. 

Crystal 
Crystal-solution interface 

Diffusion film 

/1 

Driving force 
I 	 for diffusion 

c j 
 

() 	Driving force 
for reaction 

I Bulk of 	CO  

solution 

Figure 4.4: Film mode/for crystal growth. 

Eq. 4.7 implicitly contains the two steps common to all heterogenous processes [75, 121, 124, 

140], which are: 

mass transfer of the growth units from the solution to the crystal face, which is diffusion-

ally controlled. 

arrangement of the growth units in the sites of the crystal surface, which is described by 

the rate equation for the first-order reactions. 

Mass transfer of the solute is described by an equation such as: 

dm 
--=kdA(C—C) 	 (4.8) 

where kd is the coefficient of mass transfer by diffusion. 
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The integration rate can be written: 

dm 
kA(Cj  - Co) 	 (4.9) 

dt 

where: kb is the kinetic constant of the integration rate (at the boundary separating the two 

phases), Ci  the concentration at the surface of the crystal face and Co equilibrium saturation 

concentration. 

Adsorption Layer Theories 

These theories are based on the assumption of the existence of an absorbed growth unit on a 

crystal face, F, and that the growth process is a sequence of repeatable steps [63,70,94]. The 

growth units in the vicinity of a crystal face tend to attach themselves onto the surface in the 

position where the attractive forces are greatest, for example they will migrate towards positions 

where maximum number of like elements are located. 

Different growth mechanism were proposed according to whether the F surface is perfect or not 

[121]: 

growth by two dimensional nucleation (213), in the case of a perfect face. An activa-

tion energy is required to create a critical 2D nucleus and therefore growth takes place 

only above a critical supersaturation. Two models account the two-dimensional growth 

mechanism: the mononuclear and the polynuclear model, the last is known as 'birth and 

spread' model. The polynuclear model assumes the nucleation ('birth') of the critical 

nuclei and their subsequent growth ('spread') laterally across the surface at a finite rate, 

while the mononuclear model assumes a spread on the surface at infinite rate. 

growth determined only by the flow of the growth units either diffusing on the surface or 

through the bulk of the mother phase. This is the case of a non-perfect face, when one 

ore more screw dislocation cross the flat surface and hence self-perpetuating ledges of 

steps are present on the face. This model describes growth at low supersaturations and is 

known as Burton-Cabrera-Frank (BCF) model. The screw dislocations in the crystal are 

a continuous source of new steps and therefore the screw mechanism provides a way for 

steps to grow uninterrupted. 

When a crystal is exposed to a saturated environment, the flux of the growth units, to the surface 

exceeds the equilibrium flux so that the number of units joining the surface is greater than that 
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leaving [33], hence resulting in a growth of the surface. The ability of a surface to capture 

and integrate the arriving growth units depends on the strength and the number of interactions 

between the surface and the growth unit. 

In the three dimensional representation of a crystal, a growth unit forms a maximum of three 

bonds with the surface, as shown in Fig. 4.5. Following the classification of Hartman [63], a 

face with three bonds is a kinked or a K face, a stepped or a S face and a flat or face F are faces 

where two bonds and respectively one are possible. In the ideal case, F faces are atomically 

flat, S faces are composed of ledges, and K ledges consist of kinks only. 

Figure 4.5: A three-dimensional crystal showing K, S, and F faces [63]. 

The requisite for the growth of a crystal is the presence of a sufficient number of kinks on its 

faces. K faces are typically composed of kinks, but on S and F faces kinks can be also supplied 

by statistical fluctuations. Because S faces are composed of ledges, the kink density on them is 

expected to be much higher than on F faces. A natural consequence of the surface structure is 

that the F faces are the slowest growing faces, S faces grow at a faster rate than the F faces, and 

K faces are the fastest growing faces, so that they are usually absent in the growth morphology 

[63]. 

4.3 Experimental details 

Two types of experiments were conducted to grow ettringite crystals from solution. The devel-

opment of the supersaturation, the driving force for the nucleation and subsequently for crystal 

growth, was induced by cooling and solvent evaporation. 
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'Cooling crystallization' 

A slurry of calcium hydroxide (3.50g) and aluminium sulphate hydrate (5.0017g') was mixed 

in purified water heated at 70°C (100 mL/1 6.4Mwcm) for 5s. This temperature was chosen 

to reproduce similar conditions often encountered by the cementitious systems. The mixture 

was weighed out in stoichiometric proportions to form ettringite: CH : A293H16.3  = 6:1. The 

amount of water in the aluminium sulphate reagent was determined by conventional gravimetric 

method. After approximately 5min reaction time, the resulting mixture was vacuum filtered 

through a 0.45km nitrate membrane filter. The mother liquor was transifered to capped HDPE 

bottles under nitrogen flow as an additional precaution against CO2  contamination. The samples 

were then stored in the refrigerator at 9°C for a month. A change in temperature throughout 

the sample (rapid quench) is expected to produced supersaturation and hence the precipitation 

of crystalline ettringite. The samples were investigated by low-temperature scanning electron 

microscope every 7 days for a month, to observe morphological changes over time. 

A Hitachi S-4700 II cold field-emission scanning electron microscope (FEG SEM), equipped 

with a Gatan Alto cryo-preparation system for high-resolution low-temperature SEM, an EDAX 

(Energy Dispersive) Phoenix X-ray microanalysis system for elemental analysis was used for 

all the experiments outlined here except where otherwise stated. Low vacuum mode is an 

insufficient answer in observing the ettringite structures under conditions that are closely related 

to its natural state in the crystallizing solution, as the sample needs to be dried before loading. 

Even with the versatile environmental scanning electron microscope (ESEM) it is difficult to 

prevent dehydration, which will occur at any vacuum levels and is difficult to control even with 

Peltier stages and water vapour in the SEM chamber. 

A suitable solution was found to be a system equipped for high resolution low-temperature 

SEM, where the samples could be observed in natural state without inducing artifacts such 

as: chemical fixation, use of solvents, sample contamination, dehydration, etc. The cryo-SEM 

method is more familiar to biologists, for observing biologic materials, very sensitive to the 

vacuum conditions and/or the high electron beam energy in the SEM. Fundamentally, the prin-

ciple of this technique is simple, the sample is frozen and maintained frozen. In this way, 

no dehydration occurs and delicate structures are maintained without shrinkage. Fast freezing 

means also that the chemical balance is well maintained for microanalysis. 

'The commercial material had a water content equivalent to Al2(SO4)3-16.3H20. 
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The samples mounted on specimen stubs were frozen in the freezing chamber which is built 

into the preparation unit of the microscope. This is typically obtained by boiling nitrogen 

at -196°C in an insulated container and subjecting to vacuum, that of a rotary pump. The 

sample holder is then withdrawn, under vacuum, into a vacuum transfer device for transfer to 

the cryo-preparation chamber. After transfer to the (separately pumped) cryo-prep chamber the 

sample is maintained at a low temperature and low contamination conditions. Finally a thin 

conductive coating (sputter coating, 60%Au, 40%Pd) of 1 .2nm thickness was applied to allow 

high resolution imaging and microanalysis in the SEM. Nonconductive samples are typically 

subject to a build up of electrons on the examined surface. This build up of electrons or charging 

eventually causes scattering of the incoming electron beam, which interfere with imaging and 

analysis. 

Transfer to the SEM chamber is via an interlocked airlock and onto a cold stage module fitted to 

the SEM stage. Contamination of the specimen with condensing water vapour or other contam-

inants, while inhibiting sublimation of water from the specimen was avoided by maintaining 

good vacuum of about 10 9Torr. Energy-dispersive X-ray analysis were used when necessary 

to distinguish the identity of structures in the precipitates. 

The pH and conductivity of the supernatant were measured using an Accumet Research AR 15 

pH/mV/°C Meter fitted with a combined pH electrode and conductivity cell. The pH me-

ter was calibrated using two buffers, typically 7.0 and 9.2 (phosphate and borate solutions). 

Liquid-junction potential effects were minimized by appropriate conditioning and storage of 

the electrode and by allowing suspended sediment to settle prior to sampling. The conductivity 

cell was calibrated using a 0.01 M KC1 solution with a conductivity of I .4mSIcm. 

To determine the amount of species released during mixing, aliquots of 7mL of supernatant 

were taken at roughly 1, 30, 60, 90, 120, 150 and 180min intervals. Five ml, dii. HC1 (800mL 

water + 6mL concentrated HC1) were added to the extracted liquid to prevent carbonation, and 

the sample further diluted by ten with water before analysis by inductively coupled plasma 

atomic emission spectroscopy (ICP-AES, Thermo Jarrell Ash IRIS). 

'Crystallization by evaporation' 

A slurry was prepared using the same stoichiometric proportions as described above for the 

crystallization by cooling. The working temperature was ambient temperature, 25°C±2. After 

filtration the supernatant was left to evaporate in plastic petri dishes in a glove box under dry 
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nitrogen flow to prevent carbonation, approximately one week was necessary to remove all the 

water. The evaporation rate was slowed down using Whitman filter paper (43tm) as 'breath-

ing lid', to keep a fairly constant supersaturation of the sample and hence obtaining uniform 

crystals. Due to difficulties encountered in reaching the equilibrium saturation with respect 

to ettringite and hence reproducibility of those experiments, a set of precipitation experiments 

were conducted using synthetic ettringite as source of precipitate. ig of pure synthetic ettrin-

gite and 1 OOmL deionized water, roughly ten times the saturation of ettringite at equilibrium, 

were placed in HDPE bottle with a magnetic stirrer. The sample was left to equilibrate for 20 

days at ambient temperature to reach the equilibrium with respect to ettringite. Every second 

day the experiment was sampled for analysis by ICP-AES to track the content in Ca, Al and 

SO4  versus equilibrium concentration. Because of the small amount of samples resulting from 

this experiment, an additional experiment using larger volumes of samples was conducted in 

duplicate. After 20 days the steady state was achieved. The sample was then vacuum filtered 

and the supernatant placed for evaporation, at ambient temperature in open air. After complete 

evaporation the precipitate was observed by SEM. Complementary techniques such powder 

X-ray diffraction (XRD) and Raman spectroscopy (RS) were used where required. Synthetic 

ettringite was prepared using the same stoichiometric proportions described in the 'cooling 

crystallization' section. The slurry was stirred at ambient temperature at 600rpm for 48 hours. 

Subsequently the slurry was left to equilibrate for another 7 days and then vacuum filtered. The 

solid was then washed 8 times to leach excess gypsum and gently dried on CaC12  solution to 

keep constant a relative humidity of 30%. The synthesized solid material was then analyzed by 

X-ray diffraction, using a Bruker AXS D8 diffractometer (CuKc  radiation, 40 kV, 40 mA) and 

identified as pure crystalline ettringite. 

4.4 Results and discussions 

4.4.1 Crystallization by solution cooling 

In this method supersaturation is produced by a change in temperature throughout the sample. 

The solubility of synthetic ettringite is known to increase with temperature. The calculated ion 

activity products (TAP), expressed as log TAPs are reported to increase with temperature ranging 

from 5 to 75°C [108, 114]. The result of a fairly elevated temperature coefficient of solubility 

of ettringite, crystallization by cooling is considered a suitable method for crystal growth. 
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The ettringite crystallization process takes place in such a way that the point on temperature 

dependence of the composition moves into the metastable solution region along the saturation 

curve in the direction of lower solubility as explained on a typical solubility diagram and shown 

in Fig. 4.2. Samples obtained by this method exhibit good crystallization (Fig. 4.6). 

The ettringite crystals formed in these conditions are long, thin rods, hexagonal in cross-section 

(Fig. 4.7a) and seem to develop by aggregation of several crystallites (stable nuclei, particles 

longer than the critical size). The rods present a radial arrangement with an average in length 

600itm and width - 5gm, indicating an aspect ratio of about 1:100 (Fig. 4.9 and Fig. 4.10). 

The larger crystallites are apparently fractured (Fig. 4.7a and Fig. 4.8) and have ragged edges 

and ends. Disordered material (unstructured) has been observed as a part of the core figure 

(Fig. 4.1 Oa). According to crystal growth theory, we might assume the presence of unstructured 

material to be a consequence of the recrystallization that is the final stage of the crystallization 

processes. However it is well known that the contact between the precipitated phase and the 

supernatant leads to a change in the physical and/or chemical properties of the solid phase. This 

process involves recrystallization of non-equilibrium shapes of primary particles to form more 

compact shapes. 

The activity of the dissolved substance in solution (and consequently its concentration) in equi-

librium with a crystal is a function of their shape, specifically, the activity in equilibrium so-

lution increases with decreasing size [126]. In our case, the solution is undersaturated with 

respect to crystals smaller then equilibrium crystal size, which will dissolve and supersaturated 

with respect to crystals larger then equilibrium crystal size which will grow. All these pro-

cesses are diffusionally controlled, a statement also sustained by Mori et al. [93] and Brown et 

al. [18]. 

However, if initial supersaturation is increased, the critical supersaturation at which homoge-

neous nucleation becomes important will be attained and this results in a sudden increase in 

the number of particles formed. As a result, their final size begins to decrease and the crystals 

become more anhedral as they have insufficient time to develop well-defined crystal faces. A 

precipitate formed under such conditions often appears unstructured (no crystal structure). 
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Figure 4.6: (a) Synthetic ettringite grown in solution, showing needle-like morphology. (b) 
Fractured core co-existing with gypsum impurity. 
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Figure 4.7: (a) SEM of one single ettringite entity showing hexagonal cross-section. (b) 
Crystal structure of ettringite, showing columns whose empirical composition is 
[Ca3A1(OH)6 12H2 

0]3+] and channel sites occupied by sulphate ions and wa-
ter 
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0  "U 

Figure 4.8: Indication of an internal structure of fibrils in the ettringite rods. 

At high supersaturations the rate of crystal growth can reach such high values that the heat of 

crystallization released cannot be transferred sufficiently quickly from the crystal into neigh-

bouring solution or conducted into the bulk of the crystal. In this way, the crystal faces become 

surrounded by depleted solution, as diffusion cannot supply solute to the crystal at a fast enough 

rate. Since the crystal edges reach into the regions of the last depleted solution they tend to 

continue growing. This cause elongation of the crystal and, at the same time, extension of its 

surface to aid transfer of heat of crystallization. 

Very long ettringite fibres (Fig. 4.9) with a typical hexagonal habit are observed. Again we 

note that the end face is rough. There is also some indication of an internal structure of fibrils, 

('brush type'), in the ettringite rods (Fig.4.8). 

The fastest growing face was identified to be the one perpendicular to the c-crystallographic 

axis which has the lowest lattice density, in agreement with Coveney [67]. The relative growth 

rates of faces were determined on the basis of knowing the crystal structure. 
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Figure 4.9: (a) Ettringite rods exhibiting a radial arrangement. (b) SEM micrograph of a et-
tringite core grown by solution cooling. 
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Figure 4.10: (a) SEM micrograph showing the existence of unstructured material as part of the 
core. (b) Large crystallite fractured with ragged ends. 
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According to Bravais-Friedel-Donnay-Harker approach [33] the binding energy between crystal 

planes is inversely proportional to the interplanar spacing, meaning that the closer the molecules 

the larger at their interaction energies. The growth rate of a face (hid) is proportional to the 

inverse of the distance between the (hkl) planes in the crystal structure, lId(hkl). 

The ettringite crystal structure consists of columns and channels running parallel to the c-

axis of the hexagonal prisms as shown in Fig. 4.7b. The composition of the columns is 

[Ca6A1(OH)6  24H2 0]6+,  per half unit cell [91]. 

The material in the channels is [(SO4) 3. 2H20]6 . Each of the columns is composed of 

A1(OH)6  octahedra alternation with triangular groups of edge-sharing Ca08  polyhedra with 

which they share the (OH). 

Each calcium is coordinated to four water molecules, the hydrogen atoms of which form a col-

umn of nearly cylindrical surface. For each channel, there are two SO4  tetrahedra pointing up, 

followed by one pointing down and then followed by a site containing three water molecules. 

This site is partially occupied so that there are only two water molecules present at any time. 

The internal structure of fibrils observed in Fig. 4.8 can be simply explained based on the struc-

tural information of ettringite. The fibrils can be viewed as columns of [Ca6A1(OH)6  24H2 0]6+ 

composition running parallel to the c-axis of the crystal. The anions and remaining water 

molecules form a randomly disordered arrangement in the channels between the columns. Hy-

drogen bonds link the water molecules of the columns with the anions and water molecules in 

the channels. The water molecules are loosely bound into the structure and so water can easily 

be removed at higher temperature or lower humidity. 

This is evident in Fig. 4.8, where a free space can be seen between the fibrils. This is probably, 

because same of the water was released during sample analysis. Ettringite can thus exist with 

different water contents but the same crystal structure. The fibre structure appears to be fragile, 

such that the shear force (caused only by samples manipulation) imposed on a crystal face by 

the solution flowing past it might be sufficient to produce breaking and initiate a secondary 

nucleation with a relevant influence on ettringite rheology. 
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The fragility is given presumably by the weak hydrogen bonds bridging calcium and aluminium 

atoms. Moreover, calcium coordination to the four water molecules brings alone a column of 

nearly cylindrical surface of hydrogens. Four out of every five atoms in ettringite structure is 

either a part of a water molecule or an hydroxide. The ettringite structure is almost all water. 

This fact is reflected in a very weak lateral strength of the ettringite crystal. 

The ettringite crystals grown here through solution mechanism, were much more elongated 

with a radial fibrous appearance suggesting a rapid growth. This is generally caused by a high 

absolute supersaturation. 

Measurements of the species released in the supernatant in equilibrium with the slurry along the 

cooling curve suggest a high level of supersaturation (Table B. 1). The degree of supersaturation 

with respect to aluminium, calcium and sulphate approximated using Eq. 4.3 was about four 

times the saturation at equilibrium. 

This can be also seen in Fig. 4.11, where the actual concentration of the supernatant are com-

pared with the equilibrium concentration. The supernatants withdrawn at the lowest temper-

ature of 50°C only were used to precipitate ettringite crystals. When the supernatant was ex-

tracted, its concentration point on the solubility-supersolubility diagram was situated already 

on the nucleation line, hence resulting in a instantaneous precipitation. 
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Figure 4.11: Temperature dependence of the supernatant concentration prepared by mixing re-
actant solutions. Concentrations of aluminium, calcium and sulphate are shown 
as follows: A13+ (.), Ca2+ (*), S042  (x). Equilibrium concentrations (at sat-
uration) of aluminium, calcium and sulphate as determined by Perkins [108] in 
temperature-dependent ettringite dissolution experiments, are also shown: A13+ 

(A), Ca2  (0),SO4 2—  (i). The area highlighted in pink represent the solubility 
line (in red) in the solubility-supersolubility diagram Fig. 4.2. 
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Figure 4.12: Representation of the time variation of conductivity of the supernatant. The con-
ductivity is shown for two samples where the supernatant was withd rawn from the 
reactants mixture at 1 (x) and 20mm (.). The change in solution conductivity 
indicates an induction time equal to zero at the time when first measurement was 
taken. The nucleation process appears to cease after —'3 days. 

The conductivity measurements of the supernatant shown in Fig. 4.12 indicate a zero induction 

time for the nucleation process, which also translate in an instantaneous precipitation. 

The initial supersaturation of the supernatant is driving the nucleation and crystal growth pro-

cesses of ettringite, and dictates the morphology. Dendrites (rods) formation are typically, seen 

for initial supersaturations higher than 10 and, associated with a heterogenous nucleation pro-

cess and a combined mechanism of growth (diffusion and surface reaction) [126]. In this study, 

ettringite exhibits dendritic morphology at even lower initial supersaturation and its mechanism 

of growth is diffusionally controlled. Typically when a solution is cooled, the supersaturation 

is high, and the rate of growth of a crystal depends strongly on the rate of diffusion [94, 109]. 

In accord with the dendrite-like morphology that ettringite exhibit, Brown and LaCroix [18] 

predicted a nucleation and growth model controlled by diffusion. 

1.8' 
0 
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Ettringite crystals usually grow fastest on the (001) face [67]. Hence an increased rate of growth 

would result in a much more elongated crystal, which is favoured by crystallization on cooling. 

As the (001) face is only small this face is favoured over other larger faces parallel to the c-axis. 

Hence the aspect ratio of the crystal is much increased when growing rapidly. 

4.4.2 Crystallization by solvent evaporation 

Crystals produced by evaporation have an aspect ratio of about 1:10 (Fig. 4.13). The crystals 

formed are substantially shorter than those prepared by using the cooling method, exhibiting an 

average in length of - 60im and width 5jm. Twinning phenomena occur too. 

In contrast to the cooling method, in which the total mass of the system remains constant, in 

the solvent evaporation method the solution loses components which are weakly bound to other 

components and therefore the volume of the solution decreases. In almost all cases, the vapour 

pressure of the solvent above the solution is higher than the vapour pressure of the solute and 

therefore, the solvent evaporates more rapidly and the solution becomes supersaturated. At am-

bient temperature the measured Ca2+  concentrations (Table B.2) leaves behind the saturation 

level with respect to ettringite. As the supply of sulphate ions is uninterrupted the liquid phase 

remains rich in Ca2+  ions. In presence of an adequate amount of alumina numerous ettringite 

nuclei precipitate in solution. However the crystallization by evaporation takes place at a fairly 

constant saturation. The value of supersaturation is therefore low because the crystallization 

takes place by the growth of nuclei formed at the beginning of the evaporation process. Such 

nuclei will continue to appear until the degree of supersaturation reaches a value sufficient for 

crystallization. Hence, crystals produced by evaporation are much shorter, yet keep the radial 

habit (Fig. 4.13 and 4.14). 
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Figure 4.13: (a) SEM of ettringite obtained at ambient temperature by evaporation method 
showing a six-sided morphology. (b) Crystals have an average in length of 

6Oim. 
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Figure 4.14: (a) and (b) Short ettringite crystals exhibiting a radial habit. 
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When the supernatant was evaporated in open air, no ettringite crystals grew from solution, 

although the supernatant contained a stoichiometric proportion of ions to form ettringite. Af-

ter complete evaporation the precipitate consisted of gypsum and calcium carbonate crystals 

co-existing with amorphous alumina gel. The precipitate was analyzed by X-ray diffraction 

and Raman spectroscopy. The X-ray diffraction of the precipitate revealed only gypsum as 

crystalline material. In order to establish the problems encountered by this crystallization, Ra-

man Spectroscopy was chosen as complementary technique. Raman spectra were recorded on 

a LabRam micro-spectrometer using a He-Cd blue laser at 488 nm. The Raman spectra of 

the precipitate shows strong peaks at 1006.7 and 1086.6 cm-1  corresponding to the typical 

vibrations for the SO and COr groups (Fig. 4.15 and Fig. 4.16). 

However, the Raman spectra were not very conclusive and due to difficulties in identifying 

the presence of alumina gel, the composition of the precipitate was mapped using an EDAX 

Phoenix X-ray microanalyser system. 

Fig. 4.17 shows maps of the elemental composition of the precipitate sample with respect to 

Ca, 0, S, Al and C. The presence of aluminium is now clearly observed and any uncertainties 

related to its formation following ettringite decomposition are solved. The stability of ettringite 

is affected by the CO2  from air. The amount of CO2  in the open air is approximately 0.03 to 

0.04%, hence 300ppm are sufficient to induce changes in the ettringite crystallization and shift 

the equilibrium. It appears that when carbonate ions are present in the supernatant, a lower pH 

is induced and the ettringite nuclei cannot achieve the equilibrium with the supernatant. As 

the carbonation is also a process controlled by diffusion there is a tendency to form gypsum 

and calcium carbonate in agreement with the work of Nishikawa [99].  In his study, synthetic 

ettringite carbonated with excess water was found to decompose to gypsum, calcium carbonate 

and alumina gel. However its decomposition is favoured by high water/solid ratios [99]. 
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Figure 4.15: (a) Raman spectra of two areas on the sample compared with a gypsum refer-
ence specimen, (R). Strong peak is observed at 1006.7 cm-1  corresponding to 
the vibration of the S02— species. (b) Image of the precipitate obtained by evap-
oration of a supernatant having as a source synthetic ettringite, showing areas 
which were subject of investigation. 
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Figure 4.16: Raman spectra showing strong peak at 1086.6 cm 1  corresponding to the vibra-
tion of the CO species. The area investigated is marked in Fig. 4.15b. 
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Figure 4.17: Compositional map of the precipitate obtained by ettringite supernatant evapo-
ration at ambient temperature. (a) Image of the spot investigated. (b) OK. (c) SK 
(d) CK. (e) CaK (J)AIK 
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4.5 Conclusions 

General crystallization methods for ettringite synthesis have been developed starting 

from supersaturated solutions of pure phases. Two methods in which the supersatura-

tion was achieved distinctively have proved to be successful and the results reproducible. 

The morphology of synthetic ettringite was found to vary with crystallization factors, the 

temperature for instance. Crystallization by cooling favours the formation of ettringite 

crystals with high aspect ratio of about 1:100, whereas crystallization by evaporation 

forms much stubbier particles. However ettringite crystals are always hexagonal in cross-

section with a radial disposal from a central core. 

Ettringite grown by cooling the supernatant has a fibrous appearance with a 'brush type', 

fibril internal structure suggesting a more rapid growth. 

Ettringite crystals are identified to grow fastest on the (001) face in agreement with 

Coveney's work [67]. 

Non-structured material was observed as part of the aggregate-crystal core, possibly due 

to recrystallization process. 

Initial supersaturation governs the mechanism of growth of ettringite, hence its morphol-

ogy. 

Ettringite decomposes to gypsum, calcium carbonate and alumina gel when exposed to 

CO2  in air at room temperature. 
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Chapter 5 
Flow properties of freshly prepared 

ettringite suspensions in water 

The purpose of this chapter is to examine the contributions of the morphology of the hydration 

products, in early cement hydration, to the rheology evolution. Although, much is known about 

the rheological properties of cement slurries, a better understanding of the flow properties is 

needed to be able to predict the flow of cement slurries from the properties of the components. 

More specifically, this chapter presents an original investigation of an important engineering 

'consequence' of the morphology of ettringite. This work was recently published in the Journal 

of Colloid and Interface Science [134]. 

5.1 Introduction 

The rheology of suspensions is of both practical and theoretical interest for a wide range of 

applications. Industrial suspensions include cements, drilling muds, paints, printing inks, coal 

slurries and many products like foodstuffs, medicines, liquid abrasive cleaners etc. In oilwell 

cementing, slurries are pumped down the wellbore where they harden to serve as a strong, sup-

porting and impermeable seal. To ensure easy pumping and complete filling of the well annulus 

without separation of water and cement, the rheology of the slurry is of great importance. A 

great amount of research has been performed over the past years to achieve a complete char-

acterization of the rheology of cement slurries. The complexity of cement slurry rheological 

behaviour [98] lies in the influence of factors such as: water cement ratio, size and shape of 

cement grains, chemical composition of the cement, hydration kinetics, presence of additives 

and mixing history. 

During the first hours of cement hydration, tricalcium aluminate (C3A) hydration is very im-

portant for the rheological behaviour. The hydration is very much influenced by the presence 

of gypsum [90]. Without gypsum the initial hydration reaction is fast, leading immediately to 

a stiff consistency. The addition of gypsum makes the concrete placeable (Fig. C.1). In the 
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presence of dissolved Ca2+  and S042 , C3A forms ettringite (AFt). In cement the AFt phase 

is derived from pure ettringite with a partial substitution of aluminium by iron, and S042—  by 

other anions. This hydrate phase is formed around the C3A containing grains and protects them 

from further rapid hydration. Fast initial ettringite growth may also be the cause of false setting 

[21]. An important event for rheological study is that C3A is converted only partially to ettrin-

gite during the first minutes of cement hydration. Minerals formed during cement hydration 

have a considerable influence on the rheological properties due to their morphology and the 

complex chemistry involved. 

A wide range of rheological techniques have been used to study the effects of hydration on 

flow properties of fresh cement paste during the so called induction period, the dormant period 

occurring during the first few hours after cement and water are mixed. Lei and Struble [79] 

combined rheological measurements consisting of creep/recovery tests with scanning electron 

microscopy to evaluate the hydration kinetics and accompanying microstructural changes oc-

curring in cement paste. They attributed the typically plastic Bingham behaviour of the cement 

pastes with a progressive increase in yield stress as a function of hydration time. This increase 

was believed to be due to the formation of hydration products like calcium silicate hydrate, the 

early gel layer, or crystalline AFt, that strengthen the bond between particles. Rods of AFt 

intimately mixed with the gel were observed [79].  Recently, these observations have been con-

firmed by Kirby and Lewis [72], who studied rheologically the property evolution and hydra-

tion behaviour of pure white Portland cement pastes and concentrated cement-polyelectrolyte 

suspensions. The advanced hydration enlarges the contact area between particles as more gel 

forms resulting in increase in yield stress. Some understanding of such phenomena has come 

from the extensive studies of the properties of colloidal gels as a function of solid volume frac-

tion and strength of interparticle interactions performed by Rueb and Zukoski [115, 116]. The 

rheological properties of freshly mixed water - cement systems are also very important for the 

pumping, spreading, moulding and compaction of concrete [5, 130]. 

Because ettringite is formed rapidly in cement/water systems as one of the earliest hydration 

products, it is likely that it plays an important role in determining the cement/water rheology at 

early times. We can view the cement paste as comprising a concentrated suspension of relatively 

large cement clinker particles in an aqueous dispersion of much smaller ettringite particles. We 

have therefore carried out a rheological study of pure ettringite suspensions. Beyond the intrin-

sic interest of such a system, the results provide insight into the behaviour of cement slurries. 
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The amount of ettringite formed in a cement paste rises rapidly from zero to a maximum con-

trolled by the sulphate content of the cement. We estimate that the maximum ettringite volume 

fraction in the continuous phase of the cement slurry is about 0.1. We have therefore chosen to 

investigate the rheology of ettringite/water systems over a range of concentrations up to 0.08. 

More specifically the aim of the work has been to investigate experimentally the dependence 

of the shear viscosity of ettringite rod suspensions on size and shape distributions and particle 

volume fraction. An extensive review of the rheology of rod systems was given by Wierenga 

et al. [138]. Non-Newtonian effects appear because of particle shape/orientation and the inter-

actions between the suspended particles. For these colloidal particles surface chemistry is also 

important. Brownian forces, direct interparticle forces and hydrodynamic interactions via the 

solvent are all of comparable magnitude. Consequently, the rheology of colloidal suspensions 

exhibits very diverse behaviour. One of the objectives of this project is to determine whether 

a relatively complex system like ettringite can be understood within the broad framework that 

has been developed for colloidal systems. This project describes the preparation structure of 

ettringite suspensions, their rheological characterisation and a comparison of this with models 

developed for rod-like colloids. 

5.2 Experimental 

5.2.1 Preparation of ettringite suspensions 

Ettringite was synthesized by mixing a calcium hydroxide slurry and an aluminium sulphate 

solution as previously described by Hall et al. [59]. The water content of the hydrated alu-

minium sulphate was checked by measuring the dehydration weight loss and the stoichiometric 

proportions were adjusted accordingly. The reaction is known to be rapid and complete at room 

temperature within 30 to 60mm [59]. 

6CH + A2g3H16  + 10H = C6A93H32 	 (5.1) 

A stock suspension of ettringite with a solid volume fraction of 0.10 was prepared from 9.36g 

aluminium sulphate' and 6.55g calcium hydroxide (both Sigma Aldrich commercial grade) 

slurried with bOg of deionized water. The solid volume fraction of the stock was measured 

'The commercial material had a water content equivalent to Al2(SO4 )3 16.3H20. 
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gravimetrically and found to be in good agreement with the calculated value. The initial pH 

of the stock suspension was 10.6. By monitoring the supernatant liquid periodically using in-

ductively coupled plasma atomic emission spectral analysis (ICP-AES on a Thermo Jarrell Ash 

IRIS) it was found that complete conversion to solid ettringite occurs after 2h. The composition 

of the product was checked using X-ray powder diffraction and found to be pure ettringite with 

gypsum traces (<2%). 

Samples of known concentration were made by dilution of stock suspension using deionized 

water, based on the following densities for (25°C) Pettringite = 1.78 gcm 3, PH2O = 0.99704 

gcm 3. The samples were left to equilibrate for about 10min before performing the measure-

ments. The low solubility of ettringite, log K3  = 44.43 [31], ensured that no major dissolution 

effects of freshly diluted samples were expected. Ettringite solubility in pure water has been 

studied from ambient temperature up to 100°C and was found to be essentially constant up 

to 60°C in a solution with a pH between 10.4 and 11 [50]. The initial ionic strength of the 

stock slurry was estimated to be 0.03 lM. Chen and Mehta [20] found that zeta potential of the 

ettringite particle surface was -11. 6mV 

5.2.2 Scanning Electron Microscopy of ettringite suspensions 

The particle shape, size and aspect ratio of the ettringite suspensions were measured from scan-

ning electron microscope images. A Philips-FEI XL30 field emission gun scanning electron 

microscope (FEG-SEM) was used in high vacuum mode. The specimens were taken from three 

fresh suspensions (having solids volume fractions of 0.03, 0.05 and 0.10) and placed on a mi-

croscope slide to cover an area of about 1cm2, dried and carbon coated. Particle size parameters 

were estimated by image analysis of micrographs, using Feret's method [66] that gives the dis-

tance between two tangents on opposite sides of the particle, parallel to a given direction. The 

length of the particle was quantified by the projected area diameter, the diameter of a circle 

having the same dimension as the particle length viewed normally to a plane surface on which 

the particle is at rest. Only particles clearly lying flat on the slide surface were selected. 

5.2.3 Rheological characterization 

Rheological tests were carried out in controlled shear rate mode with concentric cylinders ge-

ometry using a roughened cup and bob and, in the case of dilute suspensions, double gap (Fig. 
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5. la). The temperature of the suspensions in the rheometer was maintained at 25°C in all mea-

surements. For each experiment I OmL of sample was used. After placing the sample in the 

rheometer, it was left to equilibrate for 60s and then sheared at a constant shear rate of 100s' 

for 600s 'preshear'. The specimen was then subjected to a controlled ramping of shear rate up 

and then down. In determining the shear stress/shear rate flow curves care was taken to ensure 

that at each shear rate the sample reached steady state by waiting 160s. All dilute systems, 

with 0 <0.005, were measured at a single 'optimal' shear rate using the double gap geometry 

in order to maintain a stable flow and prevent sedimentation. Visual observations of the flow 

through a transparent cup defined this shear rate to be 20s 1  (Fig. 5. ib). 

5.2.4 Review of particulate suspensions rheology; fundamental concepts: y i 77 

A brief review of theoretical fundamentals on rheology of particulate suspensions, which will 

be needed to help understanding and interpreting the experiments, will be summarized here. It 

is not intended that this should be an extensive review but rather a guide to some of the most 

important aspects of concern with the principle of a measuring system, typical flow curves of 

colloidal suspensions, structures in a suspension and rheological models. 

Simply, when a fluid (suspensions, emulsions, polymer solutions, melts, etc) is subject to a 

stress its response takes two forms, first is an elastic response where every molecule suffers 

a displacement from initial position to a new deformed equilibrium position [42,46]. Second 

if the stress is subsequently removed there is a tendency for the fluid to recover its former 

configuration but incomplete as a consequence of the appearance of viscous flow. So now, one 

can define the flow as being concerned with the relationships between the stress, r, shear strain 

rate, 'y,  and time. In a shear flow parallel layers of liquid move in response to a shear stress (the 

component of stress tangential to the area considered) to produce a velocity gradient which is 

referred as shear rate, 'y,  equivalent to the rate of increase of shear strain. The ratio of shear 

stress to shear rate under simple steady shear is quantified as 'resistance' to flow and known as 

viscosity coefficient of the fluid, i. In simple shear, the viscosity is related to the shear stress 

and the shear strain rate by the relation: 

T force N 
=--=------x time =--xs=Pas. 	 (5.2) 

'y area 
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(c) 
	

(d) 

Figure 5.1: (a) CVO rheometer (Bohlin Instruments) fitted with coaxial cylinder geometry 
(roughened cup and bob and double gap). (b) Experimental set-up showing a 
transparent cup used to observe the flow and determine the optimal shear rate 
at which dilute systems sedimentation is prevented. (c) Representation of the 
principle of the coaxial cylinder rheometer working on controlled shear mode. 
Torque/shear rate is measured on the rotor axis. Outer cylinder is stationary. (d) 
Flow pattern in a rotational rheometer/viscosimeter, describing a laminar (steady) 
and one dimensional flow. 
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Principle of the rotational rheometer 

Experimentally the viscosity cannot be measured directly, commonly it is calculated from the 

relationship between shear stress and shear rate, which are linked directly to the basic units of 

physics: force, length and time as described by Eq. (5.2). 

One of the most versatile measuring systems, used today to solve all kinds of theological prob-

lems, is the rotational rheometer. This instrument is known as absolute rheometer as it can 

subject fluids to defined shear rates and measure the resulting shear stress or vice versa. The 

principle of a coaxial cylinder rheometer working on controlled shear mode is shown in Fig. 

5. lc. The coaxial cylinder rheomether comprises an outer cylinder (cup), which is jacketed for 

an accurate temperature control of samples, and an inner cylinder (rotor) which is driven by 

a motor, M. Its speed is controlled for a constant or programmed rotor speed while the other 

cylinder is stationary. 

The flow of a fluid sample filling the annular gap between two cylinders, of such system, is 

described as follows [1181: 

I. the driven inner cylinder forces the liquid in the annular gap to flow. 

the resistance of the liquid being sheared between the stationary and the rotating bound-

aries of the system results in a viscosity-related torque working on the inner cylinder 

which counteracts the torque provided by the drive motor. A torque detector, normally a 

spring that twists as a result of the torque applied is placed between the drive motor and 

the shaft of the inner cylinder. 

the twist angle of the torque spring is a direct measurement of the viscosity of the sample. 

For rotational rheometers it is assumed that always the flow of the fluid in the measuring system 

is laminar (steady) and one dimensional. This means that no variation with time occurs and the 

fluid moves only in the direction of rotation, as shown in Fig. 5.1 d. Commonly for narrow 

gaps and modest rotational speeds, a steady flow is achieved and satisfactory viscosity data are 

registered. 

Types of rheological behaviour 

The viscosity can be independent of the shear strain rate (in which case the fluid is said to 

exhibit Newtonian viscosity) or dependent on the shear strain rate (non-Newtonian viscosity). 
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Fluids that exhibit Newtonian viscosity (e.g., water, alcohols, some oils and glasses) are rel-

atively easy to characterize. Most particulate suspensions of interest to cement industry are 

non-Newtonian. 

A tremendous amount of experimental work on flow characterization for different type of fluids 

has been reported in the literature [42,45, 56,57,77, 107, 111, 112]. The majority are based 

either on the measurement of the shear stress as function of the rate of deformation or on shear 

viscosity as function of shear strain rate. An example of typical rheograms used to characterize 

flow properties in fluids are shown in Fig. 5.2. 

3,  

Figure 5.2: Typical rheo grams encountered in fluids; a - plastic (showing flow above a yield 
stress, corresponding to the transition from elastic to plastic deformation) b - pseu-
doplastic (shear thinning), c - shear thickening, d - Newtonian. 

As shown schematically in Fig. 5.2, the different types of viscous response to a shear stress can 

be illustrated by plots of the shear stress versus shear strain rate (or alternatively by plots of the 

viscosity versus shear strain rate). The simplest case represents the Newtonian behaviour. 

5.2.5 Rheological models 

An empirical expression commonly used for non-Newtonian, shear thinning fluids is the Ostwald-

de Waele [6] or power-law expression: 

(5.3) 

where K is a constant (consistency), and n is the power-law index, < 1 for shear thinning 

fluids. 
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In some cases below a critical stress i-  (the yield stress) the material behaves effectively like a 

solid then flows like a viscous liquid when this stress is exceeded (r > To), often as a power-

law fluid. The Herschel-Bulkley model describes well such viscoplastic materials exhibiting a 

yield response, with a power-law relationship (Eq. (5.3)) above the yield stress TO: 

T = ro + K'y. 	 (5.4) 

The Herschel-Bulkley relation (Eq. (5.4)) reduces to the equation of a Bingham plastic when 

n = 1. The ideal Bingham material is an elastic solid at low shear stress values and a Newtonian 

fluid above a critical value called the Bingham yield stress. 

Usually fluids display Newtonian behaviour at low stresses/shear rates before displaying shear 

thinning, sometimes followed at high shear rates by a second, lower-valued upper Newtonian 

region. One equation which describes this flow behaviour is the Cross-model: 

q 7701  
- 	 (5.5) 

710 7/00 1+(A'5,)m 

where 770 and , are the asymptotic values of viscosity at low and very high shear rates re-

spectively, ) has the units of time and m is a shear index which is dimensionless. The degree 

of the shear thinning is dictated by the value of m. When m approaches zero the fluid is New-

tonian, while increasing negative values of m indicate increasingly shear-thinning behaviour. 

This simple model was chosen because it has fewer parameters than alternatives such as the 

Carreau model [9] and will be seen to represent the experimental data with a single analytic 

curve, in preference to a piecemeal fit such as the truncated power law model [84]. 

5.2.6 Dependence on particle shape and concentration 

For very low particle concentrations the relative shear viscosity 17re1'  as a function of the volume 

fraction q, is given by the Einstein equation: 

17re1 = 
1/5 - = 1 + [17]() 	 (5.6) 
770 

where q, is the suspension viscosity, 710 the solvent viscosity and [ii] is a particle shape depen-

dent factor called the intrinsic viscosity. For hard spherical particles [1/] = 2.5 and for rods with 

an aspect ratio of 22.4, [ij] = 50.2 [138]. This equation describes only particle-fluid interac- 
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tions and does not include the hydrodynamic action of one particle upon another and so holds 

only for very dilute suspensions. 

At higher concentrations the shear viscosity of spherical particle suspensions can be related to 

the maximum packing fraction, & by equations such as the semi-empirical Kreiger-Dougherty 

equation [4] 

	

7 /re, == (1 	 (5.7) 

For elongated particles the shear viscosity of the rods is related to the rotational diffusion be-

haviour [38]. 

In the semi-dilute concentration regime r12  <<4' << r, 1  (r - particle aspect ratio, L/d where 

L is the rod length and d the rod diameter) the 'tube'model proposed by Doi and Edwards 

[35,36] predicts that the shear rate viscosity is given by: 

71 	?Is (5.8) 

Doi and Edwards [35,36] performed an extensive study on rod-like macromolecules in con-

centrated solution. They found out that the shear viscosity of rods diverges at lower density 

then any other systems due to restrictions of rods rotational dynamics. Those restrictions take 

place when the rod number density is exceeding L 3. The rotational, end-over-end motion of 

each rod is severely restricted as well as the translation motion perpendicular to the rods axes 

and a permanent overlap could take place (as shown in Fig. 5.3a and b). Consequently, the 

dynamics of such system is very different from those of dilute ones due to rods 'entanglement' 

(rods cannot pass through each other). In the semi-dilute regime the rods are orientationally 

disordered and the constraints between the rods will reduce the rotational diffusion constant, 

Dr , from the dilute system value Dr0  to: 

Dr  I3Dro /(4'r j ) 	 (5.9) 

where ,3 is a measure of the release of the tube-constraints. For dilute suspensions the rotational 

diffusion coefficient is given by: 

= 
 (

kT 	ri  

38L3 
in 
 () 	

(5.10) 

where 77, is the viscosity of the solvent and L is the length of the rod. 
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Figure 5.3: (a) Sketch showing highly entangled rods, where due to constraints the rod diffuse 
only in the direction of its own axis, changing its direction gradually. (b) Com-
parative SEM micrograph showing, in the same manner, ettringite needle strongly 
entangled. The structures were grown, in the present study, for a solid volume 
fraction, q' = 0.05. 
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The associated rotational relaxation time 'rr  is (6Dro  ) • Competition between shear forces 

and Brownian motion gives rise to shear thinning effects which increase as a function of the 

Pdclet number: 

Perot  _Tr'Y='Y/6Dr. 	 (5.11) 

Doi and Edwards [35] predicted that semi-dilute suspensions of rods would have a constant 

viscosity up to a Péclet number of around unity and thereafter show shear-thinning behaviour. 

Hinch and Lea! [65] and others have also associated a change over of flow regimes with Perot  

1 although the precise definitions of Dr  and Perot  can vary slightly between authors [138]. 

5.3 	Results and discussion 

5.3.1 Ettringite particle characteristics 

It was found that ettringite suspensions at ambient temperature consisted of crystal-like needles 

(rods) with an estimated aspect ratio, Ti, between 4 and 16 (Fig. 5.4a). The rods are fibrous, 

thin, hexagonal in cross-section (see Fig. 5.4b) and have a length 0.2— 2.2itm and cross-section 

diameter < 200nm. 

A study was performed on 6 specimens with different solid volume fractions from 0.03 to 0.1. 

Approximately 15 particles were measured from each sample. The length and diameter of 

ettringite particles were measured using the protocol stated in section 2.2. The resulting data 

were plotted as a cumulative distribution function and a median of r2  = 8.4 was extracted for 

better statistics (Fig. 5.5). 

Polydispersity is known to have a significant effect on the build-up of stress in a suspension 

[139]. The ratio of the mean value to the standard deviation (coefficient of variance) can be 

also used as a measure for polydispersity. Typically, a polymer latex system will be regarded as 

monodisperse if the coefficient of variance is less than 10% [66]. Here we measured a spread of 

diameter and length for ettringite rods with a variation coefficient of 47% and 57% respectively. 

The mean aspect ratio was approximately 9 with a coefficient of variance of 37%. Examination 

of ri for many samples as a function of particle length/volume revealed that this quantity was 

essentially independent of particle size. 

103 



Results and discussion 

 

- 

LW. 

 

Figure 5.4: (a) Scanning electron micrograph offresh ettringite grown for a solid volume frac-
tion, 0 = 0.03. (b) Hexagonal cross-section of an ettringite crystal grown by 
cooling from a supernatant with low supersaturation. 
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Figure 5.5: Cumulative frequency plot showing a median value ri = 8.4. A sample of n = 30 
particles was measured. 
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To summarize, the ettringite particles at ambient temperature are hexagonal rods of mean length 

of ' 1im, mean aspect ratio ri of 9 and median ri of 8.4. The system was moderately polydis-

perse but with an aspect ratio statistically independent of particle size. Hence, a single median 

aspect ratio (ri) of 8.4 was used later, in the data interpretation. 

5.3.2 Flow curves of ettringite suspensions 

The theological behaviour of ettringite suspensions for eight different solids volume fractions, 

, in the interval 0.01 - 0.08 was investigated at shear rates from 1 to 100s 1. The shear 

viscosity as a function of shear rate is shown in Fig. 5.6. 

10   

1 0 

10 	 10 i 	 10 
Shear rate 

Figure 5.6: Shear viscosity of rod-like ettringite suspensions dependence on different solids 
content as a function of the shear rate applied. Suspensions at nine volume frac-
tions from 0.01 to 0.08 are shown as follows: 0.01 (.), 0.02 (LI), 0.025 () 0.03 
(x), 0.04 (o), 0.05 (U), 0.06 (), 0.07 (A), 0.08 (+). 

Above a critical shear rate, 'ye, of about 10s 1, the material becomes shear-thinning. At low 

shear rates, though the experimental data present some fluctuations, the lower viscosity is es- 

sentially constant. 	decreases slightly with increasing volume fraction being '- 2s' for 
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For ramps of shear rate up and down, very similar curves were measured above 10s', which 

is a good evidence that a steady state was achieved at each shear rate. 
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Figure 5.7: Shear stress versus shear rate over a range of different solid contents, compared 
with the predictions of Ostwald-de Waele, equation 5.3. The ettringite data are 
shown for volume fractions of 0.01 (.), 0.02 (LI), 0.03 (x), 0.04 (o), 0.05 (U), 
0.06 (<), 0.07 (A), 0.08 (+). The drawn lines are the Ostwald-de Waele fits. The 
fit-parameters are listed in Table 5.1. 

The shear stress-strain rate curves for increasing 0 are shown in Fig. 5.7, where the low shear 

rate behaviour can be seen more clearly. This figure also displays the best fit power law models, 

which give a good description of the data above 5s 1. The best-fit parameters for the power-

law model are given in Table 5.1. 

The consistency, K, is strongly dependent on the solid volume fraction, 0, whilst the power-law 

index is essentially independent of q at the moderately shear-thinning value of 0.5. The data at 

= 0.02 and 0.03 seems to fall on the same curve. This could be due to sample artifacts such as 

sample aging, inhomogeneities and remaining chemistry. However, this difference is believed 

do not affect the trends of the results. 
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a K' n c 
0.01 0.33 0.51 
0.02 1.20 0.46 
0.03 1.38 0.44 
0.04 3.31 0.38 
0.05 6.70 0.45 
0.06 7.78 0.50 
0.07 13.38 0.45 
0.08 21.63 0.36 

°ettringite volume fraction 
bconsistency 
cpower law index 

Table 5.1: Best fit parameters 

The existence of a yield stress has been also investigated. There is some evidence of a develop-

ing yield stress for q above 0.06 (see Fig.5.7 and the slightly diverging low shear viscosity in 

Fig. 5.6) as the system approaches I = r11 0.1. However data at lower shear rates /stresses 

than were studied here would be required to resolve this issue. 

The data in Fig. 5.8 demonstrate that the Cross model can be considered a reasonable descrip-

tion for the system in the range of applied shear rates from 1 to 1 00s 1. Some of the data on the 

Newtonian plateau at low shear rates display some differences between the shear rate ramp-up 

and ramp-down curves. Some of this is random scatter, but there are indications that in some 

cases the measurement times at low shear rates were not quite long enough for a steady state 

to be reached. For such data, the model has been fitted to the average of the up and down ramp 

curves. The zero shear rate viscosities so obtained are believed to be realistic for each concen-

tration and the uncertainties introduced do not materially influence the subsequent discussion 

and conclusions. 

The model fit parameters are given in Table 5.2. As the ratio between the two Newtonian 

plateaux is a strong function of aspect ratio [138], we have fixed the viscosity at infinite shear 

rate to be 71,, = i /0. 85r2 . The parameter m was chosen to take the value 1.5 to describe the 

shear thinning region. With some scatter in the experimental data we find that the viscosity at 

low shear is a strong function of 0, while the parameter A is essentially independent of 0. As 4 
approaches 0.1 the parameter A increases and we observe a narrow low shear viscosity plateau. 

At the highest measured concentration (q = 0.08) the system is markedly more shear-thinning 

and fixing 	at the dilute limit results in a poorer fit to the data. This can be resolved by 

increasing 770 /77,, to 40 and reducing m to 1.15 (see Fig 5.8). 
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Figure 5.8: Cross-model describing ettringite suspensions flow with asymptotic viscosities at 
zero and infinite shear rates. Solid volume fractions: 0.01 (.), 0.02 (L), 0.03 (x), 
0.04 (o), 0.05 (U), 0.06 (ci), 0.08 (+). Dashed lines represent the Cross model fit 
with the infinite shear viscosity fixed at 	= 7 0/0.85r and m = 1.5. The solid 
curve shows an alternative fit for the highest concentration suspension with m = 
1.15 and i 	770 /4r. 

a 71 b AC 

0.01 0.14 0.046 
0.02 0.45 0.039 
0.03 0.42 0.025 
0.04 0.84 0.034 
0.05 1.44 0.038 
0.06 3.46 0.053 
0.08 11.58 0.139 

asolid volume fraction 
bvjscosjty at zero shear rate (Pa s) 
econstant with units of time 

Table 5.2: Best fit parameters of Cross model form = 1.5 anti 	= 770/0.85rj 
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However, since the interpretation of these data will focus only on 710, further refinement of 

fitting the whole flow curve was was not pursued. 

For values of 4 below 0.01, the absolute viscosities determined at 20s 1  are given in Table 5.3. 

7720s_1  
0.0001 1.55 
0.0005 2.95 
0.001 3.80 
0.003 9.05 
0.005 26.54 
0.01 90.86 

aetu.jngjte  volume fraction 
babsolute  viscosity at 20s' expressed in mPa s 

Table 5.3: Absolute viscosities determined at 20s_ 1  

5.3.3 Comparison with models 

Calculations show that for all suspensions studied the natural electrolyte concentration of the 

stock slurry is sufficiently high that the Debye length is always less than Snm. The Debye length 

was estimated using the ionic strength based on the solubility product of the natural electrolyte 

at equilibrium, log K p  = 44.43 [31]. This is negligible compared to the dimensions of the rods 

and indicates that we may interpret the rheological data assuming hard body interactions, with 

negligible long-range electrostatic effects. 

We have seen that as the ettringite particle concentration is increased, particle-particle inter-

actions cause the dynamics of the flow to become more complex. In very dilute systems 

(q << r 2) of rod-like particles the flow properties are only governed by hydrodynamic in-

teractions with the fluid. 

Fig. 5.9 shows the low shear relative viscosity as a function of volume fraction 4. The ex-

perimental points were chosen such that the volume fraction falls in the dilute concentration 

range, 4 <r 2, typically described by equation 5.6. Although the dependence of 7re1 011 4 is 

essentially linear in the range 0.01 < 0/0 < 0.3 (* 	r 2), the slope is much higher than 

that predicted by equation 5.6 using [ij] 	10 for rods of aspect ratio ri = 8.5 [138], indicating 

that even in this concentration range the system is far from the infinite dilution limit. 
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Figure 5.9: Relative low shear viscosity, 20_1  /1H2 o, as a function of ettringite rod volume 
fraction. The line has a slope of approximately 3000, far in excess of [i'] 10 for 
rods of this aspect ratio. The value of 71H2 o at 25°C was taken to be 0.89 mPa s. 
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Results and discussion 

We estimate the minimum overlap concentration for those ettingite suspensions, based on the 

experimental value (ri), to be 0 	0.01. For 0 > 0.01 we expect a transition towards the 

semi-dilute regime. 

Fig. 5.10 shows the viscosity dependence on the solid volume fraction, q. Also shown is the 

Doi-Edwards model prediction, equation 5.8, and the Krieger-Dougherty model equation 5.7 

using [i'] = 10 and 3 . It can be seen that the viscosity of the suspensions does indeed increase 

with solid volume fraction, q, with a marked change of slope at around 	0.01. The data are 

in fact remarkably consistent with the Doi-Edwards prediction [35, 36] and the transition from 

the dilute to the semi-dilute regime is clearly seen at a value of * consistent with the particle 

size and shape. An alternative way to examine the data is in terms of the Péclet number. Using 

the mean value of L and ri = 9 in equation 5. 10, we estimate the mean rotational diffusion 

coefficient of the ettringite rods at infinite dilution to be 1.3s-1. We therefore expect the onset 

of shear-thinning behaviour at Pe 0 j 	lie, at 'y 6Dr  8s', essentially in agreement with 

experimental observation for the most dilute suspension for which accurate full flow curves 

could be obtained, 4 = 0.01 = q5 . As 0 increase above q, Yc decreased but not as rapidly as 

predicted by equation 5.10. 

0 	
+ ettringite data r=8.4 

Doi—Edwards r.=15 	 1+ 
0 	Doi—Edwards r.=1O 

..*... Krieger—Dougherty []=10, 	O.1 
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Figure 5.10: Shear viscosity of ettringite rods suspensions as a function of the particle volume 
fraction for a shear rate of 20s 1.  
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5.4 Conclusions 

We have studied the effect of particle volume fraction and rod size and aspect ratio distribution 

on the shear rheology of ettringite suspensions. Suspensions of ettringite rods were synthe-

sized using commercial grade reagents in the appropriate stoichiometric amounts as previously 

described by Hall et al. [59]. The synthesis protocol is critical since the method is known to 

produce diverse morphology in different conditions (chapter 4). Using this method we have 

prepared ettringite rods, hexagonal in cross-section with aspect ratio, r, between 4 and 16. The 

ettringite particles were well-characterized by electron microscopy so that the effect of shape 

and size on the shear rheology was successfully studied. 

We have investigated the rheology of ettringite suspensions with q between 0.0001 - 0.08. Al-

though the system is very complex, the rheological behaviour of ettringite rod-like particles 

compares remarkably well, within a factor of 2 to 3, with semi-empirical and physical predic-

tions. 

The general flow curves show a strong shear thinning behaviour for y 	10s 1, well described 

by the Ostwald-de Waele model. Little evidence of a yield stress was found as the system 

approaches = 0.1. 'y decreases slightly with increasing volume fraction being 	2s 1  for 

= 0.08. 

At low shear rates the viscosity is essentially constant. The Cross model is a reasonable de-

scription of the system in the range of applied shear from I to 1 00s 1. 

The intrinsic nature of the background electrolyte eliminated the long-range electrostatic effects 

and allows us to assume hard body interactions for rheological data interpretation. The viscosity 

at zero shear rate is a strong function of 0 in line with that expected from the Doi-Edwards 

model for rod-like suspensions. 

We report a quantitative description of the system by the Doi-Edwards prediction, with a 

marked change of slope at 4 	0.01. The minimum overlap concentration q  (the value of 

at which the rods start to interact significantly) was found to coincide with the experimental 

break point around q = 0.01. Hence the complex ettringite system displays a rheology which 

can be interpreted semi-quantitatively using well established rheological models and princi-

ples. We are therefore now in a position to predict how an ettringite dominated suspension 

might behave as the rods nucleate and grow, and to some extent even aggregate. 
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5.5 	Significance of the ettringite flow behaviour for cement slurry 

rheology 

As was highlighted in the introductory section ettringite is a key mineral with large implications 

in early hydration of cement systems. Because it is one of the earliest hydration products, 

the rheological property evolution of a cement suspension in water is very often related to its 

formation. Therefore the results presented in this study have direct significance for the cement 

slurry rheology experiencing similar conditions to those presented here. 

Typically cement suspensions behave like Bingham-fluids [5]. Usually, three parameters such 

as the relative yield value, the relative viscosity coefficient and the stiffening value, are inves-

tigated to predict their flow behaviour. Past studies on cement suspensions rheology [5,72,79] 

have identified increased values of the yield stress and viscosity caused by the hydration prod-

ucts formation, which are believed to strengthen the bonds between cement particles. Also, the 

relative yield value was found to increase with increasing temperatures from 8 to 30°C due to 

a boost in the ettringite content. More specifically the cement particles are eventually inter-

connected by the ettringite rods and held together by the early gel (calcium silicate hydrate), 

forming a three-dimensional, space-filling network. This network is possibly responsible for a 

progressive increase in the yield stress. 

The data on ettringite rheology brings clear evidence of a developing yield stress above a vol-

ume fraction of 0.06 and approaching 0.1, the maximum estimated value of the ettringite vol-

ume fraction in the continuous phase of the cement slurry. It was found that increasing ettringite 

solids content results in higher shear stresses at lower characteristic shear rates. A correspond-

ing contribution to the overall yield stress value of the cement slurry is therefore expected under 

similar conditions. 

The results also shows that the non-Newtonian flow behaviour of ettringite is governed by the 

shape of the particles, their size distribution, concentration and surface properties. It was found 

that the high effective hydrodynamic volume of rotating rods dominates the rheological be-

haviour of ettringite suspensions. This is further evidence that not only the amount of hydrated 

product is important in determining the rheology of cements during early hydration but more 

the morphology and the interparticle force are decisive factors. 

This study is now in the position to give understanding of several speculations made to explain 

increased failure strain measurements in cement suspensions. This effect was associated with a 
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change in the nature of the forces that holds the cement particles together or with a yield stress 

very sensitive to the amount of hydration product whereas the failure strain is sensitive to the 

dominant interparticle force [79]. 

Although this study was restricted to ettringite rheology alone, it is reasonable to think that the 

trends that have been observed here could be extended to the cement systems. 
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Chapter 6 
Conclusions and future work 

6.1 	Synthesis of calcium aluminosulphates: reactions, stoichiome- 

try, analysis of products, stability 

Chapter 2 presents a novel synthesis method to produce monosulphate hydrate. Microwave ra-

diation was successfully employed to overcome the constraints of pre-existing synthesis meth-

ods, which mainly result from solving the equilibrium diagrams in the C-S-A-H system. The 

attractive properties of the microwaves in the rapid and controllable synthesis of monosulphate 

have been demonstrated here. The relatively long reaction times were halved and the yield 

was substantially improved. This allowed the use of the synthesized product in a subsequent 

study, to explore the hydration stages of monosulphate hydrate in varying conditions of rela-

tive humidity. A stability map of monosulphate at relative humidities from 10 to 100% and 

temperatures up to 100°C is shown in Fig. 6.1. 

Of particular interest are the rehydration experiments where lower hydrates were reverted back 

to higher hydrates. A new in-situ X-ray diffraction experiment was designed as described in 

chapter 2 to observe monosulphate 12-hydrate rehydration to monosulphate 14-hydrate. The 

outcome of this work proves new capabilities of laboratory X-ray diffraction instruments to 

produce in-situ experiments but with certain restrictions. 

New information on the stability of monosulphate and ettringite is supplied by the synchrotron 

energy dispersive study in Chapter 3. In the first part of this work all the uncertainties emerging 

from Chapter 2 with regard to the reaction products were solved. The product of the reaction 

when still moist with the mother liquor was monosulphate 14-hydrate and on cooling to ambient 

temperature, no disproportion to form ettringite was observed. 
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Figure 6.1: Schematic representation of monosuiphate stability den ved from the data such as 
those presented in Chapter 2. The stability map of monosuiphate was built for 
relative humidities from 10 to 100% and temperatures up to 150°C. Key: ms(x) = 

calcium aluminium monosuiphate hydrate (C4A9H0), where x = n = 8, 10, 12, 
14 denote the number of water molecules present in the sample, RH = relative 
humidity. 
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In In the second part of Chapter 3, the combined action of temperature and alkali was found to 

increase the extent of monosuiphate formation and 'U - phase' was observed in opposition to 

the study of Damidot and Glasser [31], which indicates that sodium will not be incorporated 

into the solid phase. All stable phase assemblages were identified for up to 150°C and IM 

NaOH and mapped in Fig. 6.2. 

Further work would include taking this study one stage further, to establish the stable phase 

assemblages for up to 1M alkali and 250°C, when monosulphate-14 is possibly decomposing 

to a mixture of beta-anhydrite and hydrogarnet (Hall&Meller, unpublished work). 
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Figure 6.2: Summary of the stable phase assemblages identified for up to 150° C 
and 1M NaOH. The temperature and time markings are included 

	

to give an indication of when each event occurs. 	Key: 	CH = 
Portlandite/Ca(OH)2, AFt = Ettringite/ Ca6[Al(OH)6]2(SO4)3 .261-120, C9H2  = 
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= Hydrogarnet/3CaO'Al2  03  •6H2  0, U-phase = NaCa4Al2  06(SO4)1  15H 0 
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6.2 Ettringite crystal growth 

The work reported in Chapter 4 maps the dependence of ettringite morphology on crystal 

growth conditions. In particular a new cryo-SEM method is used to provide high resolution 

information on the rather fragile structures of ettringite. The main advantage of this method is 

that it offers the opportunity to observe specimens under conditions that are closely related to 

the natural state. 

It has been shown qualitatively that temperature is governing the ettringite morphology. Ettrin-

gite crystals show high aspect ratios when crystallizing by cooling, whereby crystallization by 

evaporation produces ten times shorter particles. They are always hexagonal in cross-section 

with a radial disposal from a central core. However ettringite is remarkable at forming particles 

with such high aspect ratios which strongly influences the engineering properties, as shown in 

Chapter 5. Further work would include exploration of other factors which potentially influence 

the crystallization process, such as the degree of supersaturation, rate of stirring and presence 

of impurities. 

6.3 Ettringite rheology 

In Chapter 5, the rheology of ettringite was rationalized for the first time using models devised 

for model rod systems. Mixing a calcium hydroxide slurry with an aluminium sulphate solution 

produces a suspension of rod-shaped ettringite particles. Ettringite rod suspensions exhibit non-

Newtonian flow behaviour, which depends on the shape of the particles, their size distribution, 

concentration and surface properties as well as the suspension medium characteristics. We have 

measured the shear viscosity of suspensions of ettringite rods with a median aspect ratio, r '-' 8, 

at 25°C as a function of particle volume fraction, 0, in the range 0.0001 - 0.08. It was found that 

the viscosity of the suspensions increased with 0, and showed a marked change of slope at 

0.0 1, which we identified as the minimum overlap concentration 4. Above q5*,  the system is in 

the semi-dilute regime. At 0 > q5*, when Perot  > 1, hydrodynamic interactions between rods 

become increasingly significant, and we observe shear-thinning behaviour. The high effective 

hydrodynamic volume of rotating rods, resulting in much lower values of the maximum packing 

fraction, 0, than for spheres, dominates the rheological behaviour of ettringite suspensions. 

All findings listed above demonstrate significant implications of ettringite for the rheological 

evolution of the cement slurry at early times. 
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Further work would include data at low shear rates/stresses as it is emerging from this study. 

Accurate determinations of the yield stress from creep and recovery tests are suggested, thereby 

avoiding the microstructural breakdown that is typically associated with the measurement of the 

yield stress from flow curves. 

An important package of further work would be the evaluation of superplasticizers on the rheo-

logical evolution of ettringite. Superplasticizers are known to alter the mineralogical composi-

tion and the morphology of the hydrates formed [110]. They are typically introduced to cement 

suspensions in order to improve the rheological properties. 
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Appendix A 
Phase relations in CaO - A1203 - 

CaSO4  - H20 system 

135 



%I] mmol/kg 

Phase relations in CaO - Al2  03  - CaSO4  - H2 0 system 

[Cal mmol/kg 

 

gypsum [SO4] mmol/kg 

10 

I 

ettringite 	
0.1 

calcium 
monosuiphoaluminate 

0.1 

C3AH6 
1/ 	 [Al] mmol/kg 

(Ca] mmol/kg 

 

Figure A.!: Phase relations in the system CaO - A12 03  - CaSO4  - H2 0 at (a) 25°C and (b) 
50'C (according to Atkins and Glasser [3]) 
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Phase relations in CaO - Al2  03  - CaSO4  - H2  0 system 
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Figure A.2: Phase relations in the system CaO - A12 03  - CaSO4  - H2 0 at 80°C (according to 
Atkins and Glasser [3]) 
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Phase relations in CaO - Al2  03  - CaSO4  - H20 system 

Invariant point T(°C) [SO4] [Ca] [Al] 
In water 

C3AH6  + AFt  25 0.015 21.95 0.010 
C3AH6  + AFm  251  0.020 21.95 0.09 
C3AH6  + AFm  50 0.040 15.95 0.040 
C3AH6  + AFm  85 0.060 10.65 0.308 

AFm  + AFt  25a 0.007 21.95 0.023 
AFm  + AFt  50 0.042 15.95 0.042 
AFm  +AFt  85 0.41 11.33 0.016 
AF + CSH2  25 12.17 33.3 le-7 
AF + CSH2  50 12.57 27.92 le-4 
AF + CSH2  85 10.70 20.72 0.004 

In 0.5M NaOH 
C3AH6  + AFt  25 1.981 0.995 0.112 
C3AH6  + AFm  50 20.14 0.72 0.448 
C3AH6  + AFm  85 54.87 0.325 5.20 

AFm  + AFt  50 66.93 0.841 0.155 
AFm  + AFt  85 183.9 2.056 0.354 
AF + CSH2  25 197.4 11.22 le-6 
AF + CSH2  50 214.0 10.47 0.001 
AF + CSH2  85 226.0 8.22 0.255 
In 1MNaOH 

C3AH6  + AFt  25 11.22 0.435 0.189 
C3AH6  +AFm  50 91.13 0.303 0.667 
C3AH6  + AFm  85 193.1 0.202 6.90 

AFm  + AFt  50 222.0 0.547 0.199 
AFm  + AFt  85 420.7 1.699 0.377 
AF + CSH2  25 432.8 8.81 le-5 
AF + CSH2  50 456.0 8.44 0.003 
AF + CSH2  85 473.7 6.76 0.90 

'Metastable assemblages 

Table A.1: Pseudo-invariant point aqueous compositions in the CH saturated region 
of the CaO - A1203 - CaSO4  - H20 system, asjiinction of temperature and 
alkali content (from Glasser et al. [30, 31]). Concentrations are given in 
MM/L. 
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Phase relations in CaO - A1203  - CaSO4  - H20 system 

Ratio SO4/A1 [NaOH] M pH SIC3AH6  SIAF SIAFm  SI'U_ phase' SICH SI 112  
3:1 0.2 12.7 0.0 0.0 -0.4 -0.7 0.0 -2.7 
3:1 0.5 13.1 0.0 0.0 -0.4 0.0 0.0 -2.7 
3:1 1 13.3 -0.2 -0.7 -0.8 0.0 0.0 -2.8 
1:1 0.2 12.8 0.0 0.0 -0.4 -0.8 0.0 -2.7 
1:1 0.5 13.1 0.0 0.0 -0.4 0.0 0.0 -2.7 
1:1 1 13.4 0.0 -1.2 -0.8 0.0 0.0 -3.0 

Table A.2: Phase assemblage the system CaO - A1203 - CaSO4  - H20 at 25°C. Predictions 
of Clark and Brown [23] calculated using PhreeqC based on solubility products 
values (k3 ) reported by Damidot and Glasser [31]. SI = 0.0 indicates saturation 
while a negative value indicates undersatu ration. 
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Appendix B 
Experimental crystal growth study 

Sample 	Time Taken (mm) 
Elements (mmolfL) 

Al 	Ca 	SO4  pH 	I T(°C) 
1 1 4.124 16.130 14.381 11.032 26.3 
2 30 2.194 11.604 11.088 11.178 22.0 
3 60 0.953 10.195 10.094 11.281 20.7 
4 90 0.649 9.759 9.507 11.520 20.1 
5 120 0.474 9.047 9.080 11.544 19.9 
6 150 0.458 8.983 9.129 11.488 20.1 
7 180 0.326 8.755 8.944 11.562 20.3 

Table B.!: Concentration of the main species in the supernatant determined by ICP-AES in 
the crystallization by evaporation experiment. All concentration are expressed in 
mmol/L. The analytical precision is considered to be better than 1%. 

Sample 	Time Taken (mm) 
Elements (mmolfL) 

Al 	Ca 	SO4  pH 	I T(°C) 
1 5 5.724 17.990 14.192 9.636 51.4 
2 30 0.588 15.399 14.489 9.956 32.7 
3 60 0.282 14.752 14.243 10.006 25.9 
4 90 0.170 13.873 13.580 10.173 23.5 
5 120 0.147 14.368 14.082 10.178 22.2 
6 150 0.149 14.778 14.201 10.191 21.9 
7 180 0.137 14.856 14.219 10.236 21.6 

Table B.2: Concentration of the main species in the supernatant determined by ICP-AES in the 
crystallization by cooling experiment. All concentration are expressed in mmol/L. 
The analytical precision is considered to be better than 1%. 
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Appendix C 
Mineralogical model of the early 

cement hydration. 
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Figure C.!: Summary of the early cement hydration according to Locher [83] 
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