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ABSTRACT

Production of cementitious materials causes the emission of CO, gas, which has detrimental impact
on the environment augmenting the global warming process. Using by-products such as slags is a
possible strategy to limit the environmental impact of cementitious materials. Consequently, there is
an increasing use of supplementary cementitious materials (SCMs), either pre-blended with ground
clinker or added during fabrication of concrete. However, it is well known that these SCMs generally
react slower than cement clinker so the levels of substitution are limited. However, substitution by
SCMs should not compromise the development of mechanical properties especially at early ages. In
order to better understand the factors affecting the degree of reaction of SCMs it is essential to have
an accurate method to evaluate the actual rate of reaction of these materials independent from the
degree of reaction of the clinker component. To this end, the contribution of slag in blended cements
can be monitored and characterised as a function of time.

In this thesis, methods of characterisation of anhydrous materials were initially improved and
provided the starting point for the study of hydrated systems.

Secondly, the effect of slag on clinker phases was identified. It was found that slag does not
significantly affect the overall hydration of aluminate phase. Although, the slag favoured the
hydration of the ferrite phases and significantly retarded the hydration of belite and, consequently,
the degree of reaction of cement.

It was also observed that the slag modified the composition of hydrates. Analyses of hydrated cements
with and without slag have shown two major effects: a) no significant decrease in calcium hydroxide
content (normalized to cement content) in blended systems, b) higher substitution of Al for Si and
lower C/S ratio in outer C-S-H in blended systems.

To measure the reactivity of slag in blended pastes at later ages, five methods were studied. As
selective dissolution and differential scanning calorimetry have shown to be unreliable, even if SEM-
TA-mapping is time consuming, it appeared to be the only accurate method to quantify the degree of
reaction of slag. The computation of difference in cumulative calorimetry and chemical shrinkage
curves of slag and its comparison to inert filler allowed the reaction of the slag to be isolated.
Calibration of these techniques using the SEM-IA-mapping results proved to be a promising method
to understand and quantify the reactivity of slag.

Using the overall degree of reaction, it was established that increasing reaction in the slag corresponds
to an increasing strength in blended mortars. Comparing the strength with calculated total porosity,
it was concluded that the contribution of the slag seemed to be more than just filling the
microstructural space by producing hydration products. Slag was observed to also enhance the
strength by its interaction with other phases. The study will focus on differentiating the two effects to

elicit the influence of slag on development of strength.

Key words: slag, cement, microstructure, reactivity, XRD-Rietveld refinement, SEM-Image analysis-

mapping, calorimetry, chemical shrinkage.
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RESUME

La production de matériaux cimentaires génére des émissions de CO,, néfastes & I'environnement.
L'utilisation de sous-produits comme les laitiers est une stratégie possible pour limiter l'impact sur les
matériaux entrant dans la composition du mélange. Par conséquent, on assiste & une utilisation
croissante de matériaux cimentaires de substitution (SCMs), soit pré-mélangés et broyés avec le
clinker, soit venant en supplément pendant la fabrication du ciment. Quoiqu’il en soit, il est bien
connu que ces SCMs réagissent généralement plus lentement que le clinker limitant ainsi les niveaux
de substitution, ceci étant provoqué par les besoins spécifiques inhérents aux propriétés a jeune age.
Pour mieux comprendre les facteurs influents sur le degré de réaction des SCMs, il est essentiel
d'avoir une méthode précise pour évaluer le taux réel de réaction de ces matériaux, indépendamment
du degré de réaction du clinker. Ainsi, la contribution apportée par le laitier dans les ciments
composés peut étre suivie et caractérisée dans le temps.

Dans cette thése, les méthodes de caractérisation des matériaux anhydres ont été initialement
développées et ont fourni le point de départ de 1'étude de systémes hydratés.

Ensuite, les conséquences de l'apport de laitier sur des phases du clinker ont été identifiées.
Concernant les phases aluminate, il n'y a aucune preuve de réaction du laitier lui-méme. Cependant,
le laitier a favorisé 1'hydratation des phases ferrite, a retardé significativement 1'hydratation de la
bélite et par conséquent, a agit sur le degré de réaction du ciment.

Le laitier a aussi modifié la composition d'hydrates. Les analyses des ciments hydratés avec et sans
laitier ont montré a) qu'aucune diminution significative de la portlandite (normalisée par la quantité
de ciment) n'est observée avec l'addition de laitier b) que, en particulier le « outer C-S-H » montre
une substitution plus forte du silicium par ’aluminium.

Pour mesurer la réactivité du laitier dans des pates mélangées a plus long terme, cinq méthodes ont
été étudiées. La dissolution sélective et la calorimétrie différentielle se sont montrées peu fiables.
Méme si I'analyse d’images couplée a la cartographie par microscopie prend beaucoup de temps, elle
s’avére étre la seule méthode précise pour quantifier la réactivité du laitier. Le calcul de différence
dans des courbes cumulées de calorimétrie et de retrait chimique du laitier et sa comparaison a un
filler inerte ont permis d’isoler la réaction du laitier. La calibration utilisant les résultats de I’analyse
d’images couplée & la cartographie par microscopie semble étre une méthode prometteuse pour
comprendre et quantifier la réactivité du laitier.

En utilisant le degré de réaction totale, il a été établi que 'augmentation de la réactivité du laitier
correspond & une augmentation de compression dans les mortiers composés. En comparant la
compression a la porosité totale calculée, la contribution apportée par le laitier semble étre augmentée
au-dela de celle a laquelle on pouvait s'attendre due au remplissage de 1'espace par ses produits

d'hydratation.

Mots clés : laitier, microstructure, réactivité, DX-affinement Rietveld, MEB-Analyse d’images,

calorimétrie, retrait chimique.
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GLOSSARY-NOTATION

A simplified notation is used when describing cement compounds, the cement shorthand

notation:
C = CaO
S = Si0,
H = H,0
A = AlLO,

F = Fe,0O,
$ = SO,
C = CO;
M = MgO

N — NaQO
K — KQO

This leads to the following abbreviations for anhydrous and hydrates phases:

CsS
CsS
CAF
C,A
C$H,
CcC
CH
C-S-H
C-A-S-H
AFt
phase

AFm
phases

3Ca0. Si0,

2Ca0. Si0O,

4Ca0. ALO,. Fe,0,

3Ca0. ALO,

CaS0O,. 2 H,0O

CaCo,

Ca(OH),

CaO. Si0O,. H,0O

Ca0. ALO,. SiO,. H,0

3C,A. 3C$.H,,

3Ca0. Al,0,. 3CaS0,. 32H,0
3C,A. C$.H,,

3Ca0. ALO,. CaSO,. 12H,0
3Ca0. ALO,. 0.5Ca(OH),. 0.5 CaCO;. 11.5H,0
3C,A. C. Hy,

3Ca0. Al,0,. CaCO;. 11H,0

The following abbreviations are also used:

BSE
DTA
DSC
EDS or
EDX
NMR
OopPC
PSD
SEM-IA
TGA
w/c
wt%
XRD
XRF

BackScattered Electron
Differential Thermal Analysis
Differential Scanning Calorimetry

Energy Dispersive X-Ray Spectroscopy

Nuclear Magnetic Resonance

Ordinary Portland Cement

Particle Size Distribution

Scanning Electron Microscopy—Image Analysis
Thermogravimetric Analysis

Water to Cement ratio

Weight percent

X-Ray Diffraction

X-Ray Fluorescence

Tricalcium silicate
Dicalcium silicate
Ferrite

Tricalcium aluminate
Gypsum

Calcium carbonate
Calcium hydroxide
Calcium silicate hydrate

Calcium silicate aluminate hydrate

Ettringite

Tricalcium monosulfo aluminate
Calcium hemicarboaluminate

Calcium monocarboaluminate
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CHAPTER I: INTRODUCTION

I.1. BACKGROUND

Cementitious materials have been used since pre-Roman times and are now by far the most
widely used construction material in the world.

The need to limit the environmental impact of cementitious materials and disposal of by-
products leads to the increasing use of supplementary cementitious materials, such as slag,
fly ash, silica fume, pozzolan either pre-blended with ground clinker or added during the
fabrication of concrete. The use of these secondary raw materials in the cement industry
increases fuel efficiency, reduces the production and capital costs and allows the utilisation

of waste products.

The chemical composition of slag is fairly close to that of Portland cement. For a given
source of slag, the chemical composition remains relatively constant, especially compared to
fly ash (silica fume is also very constant in composition, for pozzolan it depends on sources).
Figure I-1 shows the relative compositions of cementitious materials of different SCMs.
Besides, it has advantages like low heat of hydration, high sulfate resistant and chloride
ingress, higher ultimate strength, etc. These properties are especially beneficial towards
certain applications such as hydroelectric dams, large bridges, power stations, metro

systems, motorways, and harbours [1].



Si0,

Silica
Fume

Natural

YQZZOIANS

Ca

ALO,

Figure I-1: ternary diagram of Ca0O-Al,0,-SiO, representing the composition of

cementitious materials

I.2. OBJECTIVES AND RESEARCH SCOPE

It is well known that these SCMs generally react at relatively slower rates than cement
clinker and this limits the levels of substitution, due to the need for sufficient properties at
early ages.

To optimise the use of slag, the relations between the properties of the cement constituents
and their performance in paste have to be better understood. For this reason, an accurate
method is needed to determine the actual rate of reaction of the different components in
blended systems.

The objective of the project was to develop a methodology to study the reactions of clinker
and slag separately in blended cements. The presence of different phases requires the use of
complementary techniques. X-ray diffraction allows investigation of the crystallized phases.
However, in blended cement systems the amorphous structure of slag limits the application
of this technique and requires other complementary methods like electron microscopy and
thermal analysis. Reaction in cement blends can be also followed by isothermal calorimetry

and chemical shrinkage.



I.3. CHOICE OF MATERIALS

A selection of raw materials was received, to begin with: 12 cements and 9 slags.

The cements were classified according different parameters influencing reactivity: C,S, C;A,
alkali contents and granulometry, in order to distinguish similar cements and slags.

To avoid duplication of similar materials, the following materials were considered in our

investigation (Table I-1):

Materials Characteristics

Cement A CEMI 52.5
White cement

high C;S, low C;A, low alkali contents

Cement B CEMI325R
low C;S, medium C3A, high alkali contents

Cement C CEMI
high C;S, medium C;3A, high alkali contents

Cement D CEMI525N
high C,S, low C3A, high alkali contents

Slag 1 high amorphous content

typical used composition

Slag 8 high amorphous content
a part of crystalline phase

high alumina content

Table I-1: main characteristics of selected materials

The cements chosen included those with both low and high alkali contents. It is known that
alkalis are the major factor in affecting the reactivity of SCMs: therefore, the methodology
should work with both low and high alkali contents.

All cements in this selection contain little or no calcite.



I.4. OUTLINE OF THE THESIS

The thesis is composed of seven chapters and the appendices. The following paragraph gives
a short outline of each chapter as part of the overall content.

The characterisation of anhydrous cementitious materials is described in Chapter II.

Chapter III presents the results of the investigations and improvements of methods to study
hydrated cementitious materials

Chapters IV and V deal with the reactivity of slags in blended pastes, Chapter IV describes
how the slag affects the reaction of cement, whereas Chapter V focuses on different methods
investigated to measure the degree of reaction of slags in blended pastes.

Chapter VI presents an overview of the mechanical properties linked with microstructural
development of blended mortars.

Chapter VII summarises the conclusions of the present work, discusses some points and

outlines areas for further work.



CHAPTER II: QUANTITATIVE ANALYSIS
OF ANHYDROUS CEMENTITIOUS

MATERIALS

This chapter describes the strategy and the various techniques used to characterize the

anhydrous materials.

II.1. QUANTITATIVE ANALYSIS ON ANHYDROUS CEMENTS

Il.1.1. STATE OF THE ART

Cement and ground clinker are widely studied using X-ray fluorescence as an analytical tool
for qualitative and quantitative oxide analysis. To estimate the potential phase composition
from these oxides the Bogue calculation is the most widely applied method [2,3]. However, it
is well recognised that estimated amounts of individual phases derived by the Bogue
calculation show major deviations from the true values due mainly to variations in
stoichiometry. Sorentino et al. [4] reported that even small errors in oxides analysis may lead

to large errors in the estimation of phase contents.

Other physical methods such as optical microscopy, scanning electron microscopy (SEM)
and X-ray diffraction have been shown to be effective to determine the phase composition of
clinkers, other methods, such as infra-red spectroscopy, give an indication of the phases

present but are less suitable for quantification [5].

By using point counting [6-11] or line counting methods [12], it is possible to obtain a
quantitative phase composition of clinkers for alite and belite by optical microscopy.
The quantification of aluminate and ferrite interstitial phases by this method is often quite

difficult because of their very small crystal size within the microstructure [5].



Some differentiation between the orthorhombic aluminate phases and ferrite can be possible
if the ferrite phase is also orthorhombic with a typical dendritic or prismatic configuration
8]

As noted by Aldridge [7], optical microscopy gives accurate results for the quantitative
determination of phases in clinkers, only with an experienced operator and adequate
sampling. In addition, optical point counting is not sensitive to differences in chemical
composition or different crystal modifications. As an alternative to point counting, image
analysis (IA) of backscattered electron (BSE) images is widely used to increase the spatial

resolution and the statistics [13].

The use of quantitative XRD to study the chemistry of cement is not new and has been
widely reported, different approaches have been taken:

» comparison of measured intensities with precalculated diffractometric constants of
pure clinker minerals using one reflection [14] or more [15] for each phase;

» matching the observed and computed patterns. For example, Gutteridge |[16]
collected data for a sample and pure phases and he matched the profiles, observed and
calculated intensities integrated over selected ranges of angles;

* and more recently, combining the quantitative X-ray diffraction with the Rietveld
method. Previous studies [17-19] showed that the XRD-Rietveld is a reliable analysis method
to quantify cementitious phase amounts in multiple phase mixtures. This direct
measurement uses the full profile fitting procedure that allows to overcome the problem of

peak overlap.

Gutteridge [16] used X-ray intensity data collected from a set of some thirty synthesised
cement minerals (primary standards) partially incorporate the effect of substitution and

solid solution which occurs in the four principal cement phases of a Portland cement.



Rietveld phase analysis consists of appropriate refinement strategies using a well defined
control file of the anhydrous cement. Over several years, this kind of essential control files
have been established through extensive calibration with model mixtures of synthetic phases
and with materials for which the actual composition is known by other independent methods
[8,9,20].

Several advances in research reported in the literature [17-19] have used the Rietveld method
and have shown that it is well adapted to quantify the phase composition of anhydrous
cements. A recent Round Robin study [21] proved both the repeatability and reproducibility
of the Rietveld method.

One of the main objectives of our study is to determine the composition of different cements
by XRD-Rietveld incorporating the latest progress in the knowledge of the cementitious

crystal structures and identify the limitation of this quantification.

To validate the quantitative analysis of anhydrous cements from XRD-Rietveld, the results
were compared to those from *Si Nuclear Magnetic Resonance (NMR) made by Sgren
Poulsen at the University of Aarhus, in parallel to this project [22].

»Si NMR represents an alternative tool for quantitative studies of the silicate phases. As it
depends on local structural order it can detect equally amorphous and crystalline phases.
However, due to the low natural abundance of *Si (4.7%) and its potentially long relaxation
times, this method requires significantly longer instrument times as compared to XRD-
Rietveld. As explained in [23], *Si NMR spectra of anhydrous Portland cements reflect the
molar ratio of alite and belite [24,25]. This ratio came from deconvolution of the overlapping
resonances from alite and belite and can provide a valuable estimate of the quantities of alite
and belite when combined with the bulk SiO, content from an elemental analysis. Using this
approach, quantities of alite and belite have been determined by *Si NMR for different
cements and compared with our XRD results.

The basis for quantitative characterisation of clinker phases using NMR technique is more

detailed in [23].



I1.1.2. X-RAY DIFFRACTION ANALYSIS
I1.1.2.a. Sample preparation for XRD

X-ray diffraction (XRD) data were collected using a PANalytical X’Pert Pro MPD
diffractometer in a 0-0 configuration employing Cuk, radiation (A=1.54 A) with a fixed
divergence slit size 0.5° and a rotating sample stage. The samples were scanned between 7
and 70° with an X’Celerator detector.

A step size of 0.017° acquired for 40 s at a scan speed of 0.05°.s", leading to a total scan time
of 20 minutes.

The ground powders were manually frontloaded into a standard circular standard sample
holder (diameter 3.5 cm) by lightly pressing with a frosted glass side to minimize preferred
orientation. Backloading using a press was also used to check the effect of sample

preparation.

II.1.2.b. Principle of the Rietveld analysis

The principle of Rietveld analysis [26] is to iteratively compare the experimental pattern
with a pattern simulated of a mixture of known phases based on multiple parameters such
as the presumed amounts, crystal parameters, and equipment parameters. All these
parameters may be adjusted between iterations to minimise the difference between

experimental and simulated patterns by least squares fitting.

Our approach is divided in two parts: first the crystal phases were identified, completely
characterised and finally quantified. The strategy of XRD-Rietveld refinement started with
approximate structures of cement phases and was optimised during the study to properly
correspond to the phases in our cementitious systems. So in the following parts, the
structures of cement phases are identified and the parameters of the refinement are detailed

for each cement.



I1.1.2.c. Identification of structures of phases in the anhydrous samples

The phase identification process was carried out in two steps: first search step, then match

step consisting a confrontation of probable data with that is the possible chemical

composition.

As shown in Table II-1, all the cementitious phases were initially identified using the X’Pert

High Score Plus program from PANalytical with reference structures from the Inorganic

Crystal Structure Database (ICSD).

Anhydrous . ICSD
Formula Crystal system In materials Reference
phases codes
. - Nishi et al., 1985 |27
Alite Ca,Sio, Monoclinie/M; A, B, C.D )74 de La Torre et al{ 2(102 [28]
Monoclinic/M,; L, C - de Noirfontaine et al., 2006 [29]

_ Belite CaSiO, Monoclinic/[? A,B,C,D,L 79550 Tsurumi et al., 1994 [30]

% Orthorhombic/a'y; B 81097  Mumme et al., 1995 [31]

< Tricaleium  Ca,ALO, Cubic A,B,C,D,L 1841  Mondal et al., 1975 [32]

T aluminate Cag ;NaAl;O g Orthorhombic B,C,D 1880 Nishi et al., 1975 [33]

T Ferrite Ca,AlFeO; Orthorhombic B,C, D, L 9197 Colville et al., 1971 [34]

 Lime Ca0 Cubic A,B,C,D 75785 Huang et al., 1994 [35]

;E-; Portlandite Ca(OH), Rhombohedral A, B, C, D 15471  Petch, 1961 [36]

g Periclase MgO Cubic A, B,C, D 104844 Taylor, 1984 [37]

O Calcite CaCo, Rhombohedral A B, C,D 79674  Wartchow, 1989 [38]
Gypsum CaS0,. 2H,0 Monoclinic B,C,D 2059 Cole et al., 1974 [39]
Hemihydrate CaSO,. 0.5H,0O  Monoclinic A B, C, D 73263  Abriel et al., 1993 [40]
Anhydrite CaS0, Orthorhombic A B, C, D 40043  Hawthorne et al., 1975 [41]
Arcanite K,SO, Orthorhombic B,C,D 2827 McGinnety, 1972 [42]

Table II-1: structures of phases in the anhydrous samples



Choice of alite polymorph

For alite, the monoclinic M; structure from Nishi et al. [27] was initially used for the four
main cements because the peaks corresponded quite well to our XRD patterns.

In the case of alite, the structure of the different C;S polymorphs is complicated by the
disorderly orientation of silicate ions. In order to correctly choose the alite polymorph, a
detailed analysis of XRD patterns was made on windows from 31.5 to 33.5° and from 51 to

53°, as proposed in previous studies [29,43].

Using the approach discussed above, alite polymorphs were identified for our cements (see
Figure II-1) and also confirmed by *Si NMR investigations [44]:

» the M; polymorph was observed in Cements A, B, D, so the recent structure from
De La Torre et al. [28] was used for these three cements;

= the M, polymorph was identified in Clinker L. and the corresponding structure
from De Noirfontaine et al. [29] was used;

» a mixture of both polymorphs was found in Cement C. However, even if both

polymorphs are present, it was found better [45] to use only one model for the refinement.

(a) (b)

Cement A M,
M

Cement C

Cement A

Cement B

Cement D

Clinker L

31.50 32 32.50 33 33.50 51 51.50 52 52.50 53
Position [*26] Position [°20]

Figure II-1: XRD patterns with two angular windows (a) 31.5-33.5°, (b) 51-53° that
allow the M, alite polymorph (Cements A, B and D), M;+M, (Cement C) and M,

(Clinker L) to be identified
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Maki et al. [46] suggested that the polymorph of alite depends primarily on the amount of
MgO in clinker. As shown in Figure II-2, an increase in MgO content induces changes in the
alite polymorph from M,; to M, through the mix of M; and M,. The presence of SO, in
clinker favors the formation of M, polymorph.

Figure II-2 supports the occurrence of M; in the Clinker L. according to the contents of MgO
and SO,.

Assuming that the content of MgO in clinker is equivalent to that of the cements and
estimating the SO; content of the clinker from the alkalis, the clinkers corresponding to
Cements A, B, C and D are also represented in Figure II-2. Except for Clinker A, which is a
particular case because it is a white clinker, Clinkers B and D correspond to the M,
polymorphs and the Clinker C agrees the mix of M; and M, polymorphs.

These results support the conclusions of Maki et al. [46].

|
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= 3 s} -1 C -
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0 10 20

S05 in clinker (*)

Figure II-2: dependence of the polymorphic modification of alite in clinkers on the MgO

and SO; contents of the clinkers [46]
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Other reference structures

The monoclinic structure of belite from Tsurumi et al. [30] is appropriate for the four
cements and also for Clinker L. For Cement B, the o’y form is identified using the approach
reported by Mumme et al. [31].

For tricalcium aluminate phases, the cubic form from Mondal et al. [32] is found in all
cements and clinker. However, the orthorhombic structure from Nishi et al. [33] is also
present in Cements B, C and D.

The ferrite phase present in all compounds (except in Cement A which is a white cement) is
identified using the structure described by Colville et al. [34].

For the minor phases, the reference structures are similar for all cements and Clinker L.

II.1.2.d. Quantification of XRD patterns by Rietveld refinement
Main parameters of Rietveld refinement

The following equations detail the parameters used in the Rietveld refinement.
The main following equation describes the calculated intensity at the i step in the data
summing over the p phases in the mixture and where K corresponds to plane indices (hkl)

[47].

- 12 -



The parameters, which were specifically considered in this work, are discussed in the

following section.

Ya= Z {Sp Z pKLK ‘FK ‘2 (I)(AﬂlK )PK } TV i Equation 1
K

p

Structure factor-knowledge of the crystal structures of all phases:

FK _ Z Njfjexp[Qin(hxj+kyj+1zj)] eXp(—Bj) Equation 9
J

Profile function to simulate the peak shape:
—— ®(A0,) = (1 1) G(A (5 Hy)) + 1 L(A (5 Hy) Equation 3
H; = Utan®J, + Vtand, + W Equation 4

Preferred orientation:

3
— P, = (R2COS20(k + R_ISiDQOLk) % Equation 5
Where:

y,;: calculated intensity at the i" step in the data;

Y calculated intensity at the i step of the background;

S,: scale factor proportional to the number of unit cells contributing to the scattering divided
by the unit cell volume;

pr: multiplicity factor;

Ly: Lorentz and polarisation factors;

Fy: structure factor;

T, Y % coordinates of the " atom in the unit cell;

N;: fractional occupancy for the " atomic site;

f;: atomic X-ray scattering factor;

B;: temperature factor;

@: profile function;

n: pseudo-Voigt mizing parameter;

Hy: Full Width at Half Maximum (FWHM);

U, V, W: refinable parameters;

Py: preferred orientation function;

R: March coefficient (index of the extent of preferred orientation equal to unity for an ideal
random powder sample);

ay: angle between the preferred orientation direction and the normal to crystallites.

The background of anhydrous materials was refined by a fifth-order polynomial function

(called Chebyshev polynomial function).
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Structure factor Fy

To build the structure factor Fx a knowledge of the crystal structures of all phases is
required. Thus, the lattice parameters which define the unit cell of each structure are refined
(see Table II-2), the scattering and occupancy factors can vary in this work but atomic
coordinates (x;, y;, z) and the isotropic thermal displacement parameter B; were kept

constant.

Except for Cement A (which did not contain this phase), to take into account the solid
solution of the ferrite phase, the fractional occupancy N; of Al and Fe in octahedral and
tetrahedral positions was refined. As described by Neubauer et al. [48]. The (020) reflection
at 12.1° depends strongly on the distribution of Al and Fe in contrast to the main reflection
(141) at 33.7°. The refinement of the occupancy factor enables better simulation of the (020)
[45].

In other phases, the occupancy factor was not refined because their atoms do not have a
large scattering factor, contrast is small and there is no clear description of the

crystallographic sites where substitution occurs.
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Profile function ¢

To simulate the profile function of the phases the pseudo-Voigt function was used with a
simple linear combination of Lorentzian L. and Gaussian G functions. Then, as shown in the
Equation 3, the variation of the full width at half maximum of the Gaussian and Lorentzian
components were both modelled with the function described by Caglioti et al. [49].

Most of the time, the refinement of the W parameter was sufficient to simulate the peak
shape precisely enough. In practice, the simultaneous refinement of U, V and W at the same
time only introduces an error in the quantification of the corresponding phase by +0.5 wt%.
So the U, V and n parameters are kept constant: U=V=0 and n=0.6, which corresponds to
a value recommended by Roode-Gutzmer et al. [18], in the case of Bragg-Brentano X-ray

diffraction patterns, in step scan mode and using CuK, radiation.

Preferred orientation Py

When the powder is compacted in the sample holder, some crystallographic planes become
preferentially orientated parallel to the sample surface due to crystal morphology. This
phenomenon modifies the intensities of the diffracted lines which can be quite different to a

random distribution. This effect can be partially counteracted by the use of a PO correction.

For alite, the preferred orientation is often seen for the (60-6) plane at 32.25°. Without
preferred orientation, this height of this peak is roughly the same as the height of the two

close doublets at 32.51-32.66° and 34.36-34.41°.

In the case of anhydrous cements, the preferred orientation may appear in alite, gypsum,
anhydrite, hemihydrate and calcite which can be corrected in accordance to the March
model, which Dollase [50] reported using a single pole-density profile with a relatively simple

functional form.
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\\\Cement A

Cement B

\/\\A’/\/L Cement C
\\ Cement D

: L _ Clinker L
32 33 34 35
Position [°26]

Figure II-3: identification of preferred orientation

of alite for the 4 cements and Clinker L

In the XRD patterns shown in Figure II-3, some preferred orientation is identified for alite
in the case of Cement B, C and D.

As reported in previous studies [45], the preferred orientation can be reduced by a vertical
loading of the cementitious powder. In our case, the vertical loading did not reveal
significant difference on preferred orientation compared to the front loading pressed with a

frosted glass.
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Summary of our main refined parameters

Taking into account all the parameters previously described, each anhydrous cementitious

material has its own control file with specific conditions for Rietveld analysis. The main

parameters are summarised in the following table (Table II-2).

Scale Preferred Unit cells Caglioti parameters
Phases In materials . )
factor orientation a b ¢ B U \% \\%
Alite (Ms) A B, CD X X X X X X - - x
Alite (M;) L, C X X X X X - - X
Belite (B) A,B,C,D,L X X X X X - - -
«» Belite (a'y) B X - X X X X - - -
E Aluminate (cubic) A B,C, D, L x - X X X - - - -
£ Aluminate (Orthorhombic) B, C, D X - X X X - - - -
— Ferrite B,C, D, L x ; x x x - - - -
§ Lime A B, C, D X - X X X - - - -
E Portlandite A B, C, D X - X X X - - -
g Periclase A B, C/ D X - X X X - - - -
8 Calcite A, B, C D X - X X X - - - -
Gypsum B,C,D X X X X X - - X
Hemihydrate A, B, C D X X X X X - - -
Anhydrite A B, C, D X - X X X X - - X
Arcanite B,C,D X - X X X X - - -

Table II-2: refined parameters as a function

of phases taken into account
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I1.1.2.e. Reproducibility of the Rietveld refinement

The use of hydraulic press with a defined pressure leads to generation of XRD data
independent of the operator and a high reproducibility.

Therefore, it was made for the 4 main cements to establish the variation between pellet and
powder samples (see details in Tables II-3 to II-6 which summarised the main fits of the

XRD patterns obtained from the start to the end of our Rietveld refinement approach.).

In order to validate our XRD-Rietveld quantifications, the four main anhydrous cements
samples were sent to Chancey (University of Texas at Austin) without any indications about
the Rietveld refinement results previously found. He used a different Rietveld software:
TOPAS (against X-Pert High Score Plus for us) and some NIST control files to refine the
XRD patterns.

Taking into account the error for each phase, the contents of different phases found by The

University of Texas are very close to ours and clearly validate our Rietveld refinement

method.
‘Weight fractions of Anhydrous Cement A
Fit on powder Fit on pellet Fit done by . .
Phases Formula sample using My sample using Mz University of Fit done using Difference
Nishi Nishi Texas My-De La Torre

Alite CyS (M) 68.1 66.1 67.1 69.3 3.2
Belite B-C,S 23.6 23.6 23.0 23.8 0.8

a'y-CsS - - - 0.0 0.0
Ferrite C,AF 0.0 0.0 0.5 0.0 0.5

cubic C3A 2.9 3.0 3.0 3.7 0.9
Aluminate orthorhombic C3A 0.7 0.6 0.0 0.0 0.7

Total C3A 3.5 3.5 3.0 3.7 0.8
Lime C 0.8 0.8 0.1 0.0 0.8
Periclase M 0.0 0.4 0.6 0.0 0.6
Gypsum CaSO,-2H,0 0.0 0.0 0.1 0.0 0.1
Hemihydrate CaS0O,-0.5H,0 0.5 1.0 1.7 1.0 1.1
Anhydrite CaSO, 2.9 2.9 2.5 2.2 0.8
Calcium sulfate 3.5 3.9 4.2 3.2 1.1
Arcanite K,SO, 0.0 0.0 0.5 0.0 0.5
Portlandite CH 0.5 0.4 0.3 0.0 0.5
Calcite CaCO, 0.0 1.1 0.8 0.0 1.1
Total 100.0 100.0 100.0 100.0 0.0
C3S/C,S ratio 2.9 2.8 2.9 2.9 0.1

Table II-3: different XRD-Rietveld refinements for Anhydrous Cement A

- 18 -



Weight fractions of Anhydrous Cement B

Fit on powder Fit on pellet Fit done by Fit done using
Phases Formula sample using M3 sample using M3 University of Mj;-De La Torre Difference
Nishi Nishi Texas and Belite a'y
Alite CyS (M) 51.3 515 51.7 49.3 2.4
Belite B-C,S 20.7 215 22.8 18.4 -
a'y-CoS - - - 5.8 -
Total C,S 20.7 21.5 22.8 24.2 3.4
Ferrite C,AF 10.2 9.9 9.2 10.0 0.9
cubic C3A 3.6 34 3.5 4.0 0.6
Aluminate orthorhombic C;A 2.6 3.3 3.7 1.7 2.1
Total C3A 6.3 6.7 7.2 5.7 2.7
Lime C 1.6 1.5 - 1.4 0.2
Periclase M 1.9 1.8 2.2 1.9 0.4
Gypsum CaS0O,-2H,0 0.5 0.0 0.0 0.0 0.5
Hemihydrate CaS0,-0.5H,0 1.9 1.9 3.8 3.0 1.9
Anhydrite CaSO, 3.4 2.1 1.7 1.3 2.1
Calcium sulfate 5.8 4.0 5.4 4.3 1.8
Arcanite K,S0, 0.0 0.0 14 2.1 2.1
Portlandite CH 0.8 1.1 0.0 1.1 1.1
Calcite CaCO, 15 2.0 0.0 0.0 2.0
Total 100.0 100.0 100.0 100.0 0.0
C;S/C,S ratio 2.5 2.4 2.3 2.7 0.4

Table II-4: different XRD-Rietveld refinements for Anhydrous Cement B

Weight fractions of Anhydrous Cement C

Fit on powder

Fit on pellet

Fit done by

Fit done using

Phases Formula sample using My sample using My University of M,-De La Torre Difference
Nishi Nishi Texas
Alite QS (M;-M;) 62.6 62.0 63.5 61.8 1.6
Belite B-C,S 17.6 19.1 17.6 17.4 1.7
a'y-CoS - - - 0.0 0.0
Ferrite C,AF 7.5 6.7 5.8 9.1 3.3
cubic C3A 4.5 3.8 5.0 5.6 1.8
Aluminate orthorhombic C3A 1.7 2.1 0.7 1.5 1.4
Total C;A 6.1 5.9 5.6 7.0 1.4
Lime C 0.0 0.0 - 0.0 0.0
Periclase M 0.7 0.7 0.8 0.0 0.8
Gypsum CaS0,-2H,0 0.6 0.9 0.0 0.0 0.9
Hemihydrate CaS04-0.5H,0 1.7 1.5 2.6 1.6 1.1
Anhydrite CaS0, 2.0 2.1 2.4 1.6 0.8
Calcium sulfate 4.4 4.5 5.0 3.2 1.8
Arcanite K,S0, 0.0 0.0 1.8 1.4 1.8
Portlandite CH 0.6 0.6 0.0 0.0 0.6
Calcite CaCO;y 0.5 0.5 0.0 0.0 0.5
Total 100.0 100.0 100.0 100.0 0.0
C;3S/C,S ratio 3.6 3.2 3.6 3.6 0.4

Table II-5: different XRD-Rietveld refinements for Anhydrous Cement C
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‘Weight fractions of Anhydrous Cement D

Fit on powder Fit on pellet Fit done by . .
Phases Formula sample using My sample using My University of Fit done using Difference
Nishi Nishi Texas My-De La Torre

Alite C3S (M) 68.2 66.9 66.5 65.6 2.6
Belite B-C,S 13.5 14.7 16.0 15.1 2.5

a'y-C,S - - - 0.0 0.0
Ferrite C,AF 8.8 9.8 10.2 10.8 2.1

cubic C3A 3.6 3.7 2.7 3.5 1.0
Aluminate orthorhombic C3A 0.0 0.0 0.0 0.0 0.0

Total C;A 3.6 3.7 2.7 3.5 1.0
Lime C 0.8 0.0 - 0.0 0.8
Periclase M 0.6 0.8 0.9 0.0 0.9
Gypsum CaS0O,-2H,0 2.0 2.3 1.6 2.1 0.7
Hemihydrate CaS0,-0.5H,0 0.6 0.0 0.8 1.1 1.1
Anhydrite CaS0, 1.1 1.2 0.5 1.1 0.8
Calcium sulfate 3.7 3.5 2.9 4.2 1.3
Arcanite K550, 0.0 0.0 1.0 0.7 1.0
Portlandite CH 0.0 0.0 0.0 0.0 0.0
Calcite CaCO;4 0.8 0.6 0.0 0.0 0.8
Total 100.0 100.0 100.0 100.0 0.0
C,S/C,S ratio 5.1 45 4.2 4.3 0.9

Table II-6: different XRD-Rietveld refinements for Anhydrous Cement D

Despite the large number of parameters to refine,
improvement in both within and between laboratory repeatability and reproducibility as
seen in the last round robin study [51]. Table II-7 below summarises the final results and the

corresponding standard deviation obtained from 10 XRD-Rietveld refinements for the 4

anhydrous cements and the Clinker L.

The XRD patterns of anhydrous cements and clinker are given in Appendix 1.
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Anhydrous Anhydrous Anhydrous Anhydrous Anhydrous
Cement A Cement B Cement C Cement D Clinker L

Average SD Average SD Average SD Average SD Average SD

Phases Formula
(wt%) (wt%) (wt%) (wt%) (wt%) Wwth) Wwth) (wt%h) (wt%) (wt%)

Alite C,S (M) 68.0 0.8 49.1 0.6 64.5 1.5 67.1 0.8 - -

C,S (M) - - - - - - - - 66.4 0.5

Belite B-C,S 25.3 0.8 194 0.7 16.2 0.7 13.8 0.6 14.2 0.3
ao'g-CsS 0.0 0.0 6.2 0.2 0.0 0.0 0.0 0.0 - -

Total C,S 25.3 0.8 25.5 0.8 16.2 0.7 13.8 0.6 14.2 0.3

Ferrite C,AF 0.0 0.0 10.7 0.3 8.7 0.2 10.5 0.1 14.2 0.3

Aluminate cubic C3A 3.6 0.1 4.2 0.1 5.6 0.2 3.6 0.1 5.2 0.1

orthorhombic C3A 0.0 0.0 1.6 0.1 1.1 0.2 0.0 0.0 0.0 0.0

Total C3A 3.6 0.1 5.8 0.1 6.7 0.2 3.6 0.1 5.2 0.1

Lime C 0.0 0.0 1.6 0.2 0.0 0.0 0.0 0.0 - -
Periclase M 0.0 0.0 2.2 0.2 0.0 0.0 0.0 0.0 - -
Gypsum CaS0,-2H,0 0.0 0.0 0.0 0.0 0.0 0.0 2.2 0.2 - -
Hemihydrate CaS0,-0.5H,0 0.7 0.1 2.5 0.5 1.1 0.4 0.6 0.3 - -
Anhydrite CaS0, 2.4 0.3 0.9 0.3 15 0.3 1.2 0.1 - -
Calcium sulfate 3.1 0.3 34 0.7 2.6 0.6 4.0 0.4 - -
Arcanite K,SO, 0.0 0.0 1.6 0.2 1.3 0.2 1.0 0.2 - -
Portlandite CH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - -
Calcite CaCO4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - -
Total 100.0 - 100.0 - 100.0 - 100.0 - 100.0 -

Table II-7: phases composition from XRD-Rietveld for the 4 anhydrous cements and the

Clinker L
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I1.1.3. SEM-POINT COUNTING

It was decided to carry out point counting by SEM to have an independent method of

measurement of alite and belite contents.

II.1.3.a. Preparation of samples for SEM examination

Because the principle of SEM-Point counting is to precisely identify and count the grains of
alite and belite, one of the challenges of the sample preparation is to obtain very well defined
and correct phase boundaries. When the cement powder is fine, this is more difficult to
obtain. A series of polishing tests were made on the finer Cement A to obtain correct phase

boundaries.

Initially, the anhydrous cements for SEM examination were pressed in compact pellets and
impregnated under vacuum in epoxy resin, carefully polished with decreasing grades of
diamond powders down to 0.25 um and covered by a 20 nm carbon coating to create a
conducting layer which does not interfere with X-ray microanalysis. The polished sections of
each specimen were studied in backscattered electron (BSE) mode using FEI quanta 200
SEM at an accelerating voltage of 15 kV in order to maximize contrast from compositional
differences and minimization that resulting from topography [5]. The volume of cement

phase analyzed in each individual spot measurement is in the order of 1 pm?®.
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As shown in Figure II-5, when Cement A is impregnated with epoxy resin, the differences
between the hard cement grains and the soft resin created some edge effects which induced
some intensive charging on the edges of the grains and generated some artifacts in the
conventional image analysis treatment.

To reduce these edge effects, a new method of specimen preparation was established with
Condé, from the Laboratory of Mechanical Metallurgy at EPFL. As shown in Figure I1-4,
this method was an infiltration of metal under pressure and consisted of:

» The anhydrous cement was pressed in a pellet and introduced in an alumina
crucible with NaCl salt on the back (to protect and maintain the cement pellet at a good
position).

* A metal alloy was placed with the top of NaCl salt. The chosen alloy Al-5,7Ni was
selected in order to have a very different back-scattered coefficient from the cementitious
components to be able to do better contrast for image analysis treatment.

» The crucible was then put for two hours and a half in the furnace under vacuum.
The temperature is increased to 710°C to melt metal;

» A pressure of 80 bars was introduced inside the system to force the liquid metal to
penetrate the cement pellet;

» After infiltration, the crucible is lowered and cooled against a cooled copper plate,
inducing directional solidification;

= After the sample cooled down, it was cut and polished.

Alumina — )

Metal alloy
Al-5,7Ni

Cement pellet
NaCl salt

Figure II-4: infiltration of metal under pressure
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Figure 1II-5: SEM-BSE picture of Figure 1II-6: SEM-BSE picture of

Cement A impregnated in epoxy resin Cement A impregnated in metal alloy
with lots of grain fracturing, edge poorly which reduces the border effects and
defined and accumulation of charges does not allow accumulation of charges

This impregnation in metal alloy was optimised for Cement A. However, it should be noted
that the edge effects are also prominent in other resin impregnated cements. Figure 1I-6
clearly shows that the surface aspect is improved which reduces the artifacts due to border

identification in image analysis and gives better distinction between alite and belite.

Metallic impregnations, thin sections and gold coating on polished sections were investigated

but did not significantly improve the charges effects on the edges of the grains.

Finally, except for Cement A, the three other cement specimens were investigated on

conventional resin impregnated polished sections.
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I1.1.3.b. Microstructure of anhydrous cements

Cement A (White cement) has a particular microstructure mainly composed of alite and
belite (see Figure II-7). For Cement B, alite, belite, ferrite and aluminate are well defined
with a very coarse interstitial part between aluminate and ferrite (see Figure II-8). It could
be noted that this separation between aluminate and ferrite is also present in Cement C

and D (see Figures I1-9 and II-10).

Rounded belite

Angular alite crystals
crystals

often pseudohexagona

Significant
separation
between

aluminate
and ferrite

Figure II-8: representative SEM-BSE image of anhydrous Cement B
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Aluminate phase

Figure II-9: representative SEM-BSE image of anhydrous Cement C

Calcium sulfate

ferrite in a matrix of
aluminate phases

Figure II-10: representative SEM-BSE image of anhydrous Cement D
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I1.1.3.c. SEM-Point counting method

The first preliminary study on point counting analysed 108 points/SEM-BSE picture and
each point was assigned to a particular phase manually, but the number of points was too
low to generate realistic results. So then an automatic method was tried to increase the
accuracy of the point counting method. For this, a more representative sample and more
precise image analysis treatment was used (as it was suggested in [12]), which, in our case,
consisted of:

= taking 100 SEM-BSE pictures (0.37 pm/pixel) on Cement B and C, and 400 SEM-
BSE pictures (0.185 nm/pixel) on Cement A and D depending on the grain size;

» applying detail image processing to remove noise and imaging artifacts;

= placing a superimposed grid of 7 000 random points/image;

» attributing each point to the corresponding phase with an automatic identification

algorithm based on grey level.

The statistical approach by point counting was found to be better than an area counting in

order to better identify phases without border effects.

Each point was attributed to the corresponding phase by the following automatic treatment:
For each proposed point, there were 7 possibilities: resin, alite, belite, aluminate, ferrite,
gypsum or border between alite and belite. The treatment only counted points when they
were in alite or belite phase, in other cases, they were excluded.

To reduce the problem of border effect, an edge filter type Roberts was used to well define
the edges of the grains. This morphological filter is based applying a horizontal and vertical
filter in sequence. Both filters are applied to the image and summed to form the final result

(see method in Figure II-11).
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L Raw segmentation of
alite grains ) belite grains

AND L ST L : AND
Q e LA,
Roberts filter on Roberts filter on
segmentation of alite grains segmentation of belite grains

SO

Raw segmentation of Combination: segmentation
and Roberts filter of belite

graimns

belite grains

LY 4 ¥ ¢
Final segmentation of Final segmentation of
alite grains belite grains

Figure II-11: method of segmentation from the original SEM-BSE image to the final

segmented images of alite and belite grains
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I1.1.3.d. Results of SEM-Point counting

The area fraction is directly equivalent to the volume fraction as proved mathematically [52]
irrespective of the shape of the phases provided only that the sample is statistically
isotropic. So the area fraction of alite to belite is a direct estimate of the alite to belite
volume ratio. This can be corrected to weight fraction. The Rietveld results can be
converted to volume fraction VF or to weight fraction W to acquire the weight ratio (see

equations below).

2 2
VE, = Ve ang W, = eV

- Equations 6 and 7
o 2 a 2

Z Spr Z Spppr

p p

Where:

S: surface of phase;
p: density;

V: unit cell volume.

The values of densities came from the calculation of the unit cell which was provided by the
ICSD file and the stoichiometric formula (Table II-1). It could also be determined by actual
formula which took into account the minor elements from energy dispersive X-ray
spectroscopy results (EDS results are detailled in Table II-10).

As shown in Table II-8, both methods to determine densities slightly differed. However, the
difference in densities was low on alite and belite (less than 0.02) and this difference

introduced a small error in the calculation of weight fraction content.
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Density (g/cm®)

Belite
Alite
o'y
Stoichiometric formula (using cell parameters from XRD) 3.16 3.30 -
Cement A Actual formula (with minor elements from EDS) 3.15 3.29 -
Difference 0.01 0.01 -
Stoichiometric formula (using cell parameters from XRD) 3.17 3.31 3.27
Cement B Actual formula (with minor elements from EDS) 3.15 3.32 3.28
Difference 0.02 0.01 0.01
Stoichiometric formula (using cell parameters from XRD) 3.16 3.30 -
Cement C Actual formula (with minor elements from EDS) 3.17 3.32 -
Difference 0.01 0.02 -
Stoichiometric formula (using cell parameters from XRD) 3.17 3.30 -
Cement D Actual formula (with minor elements from EDS) 3.16 3.29 -
Difference 0.01 0.01 -

Table II-8: density values from stoichimetric and actual formulas

Figure II-12 shows the weight and volume ratios deduced by XRD-Rietveld refinement and

SEM-Point counting. The error bars for XRD-Rietveld correspond to the error corresponding

to the reproducibility measurements.

In SEM-Point counting method, the border effect was taken into account using a

morphological filter. To evaluate the errors induced by its restriction on borders of cement

grains, the strength of the edge filter was changed. The alite to belite ratios were measured

for 2 extremes values.

6.0
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3.0

2.0

Alite/Belite (weight ratio)
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7
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1
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2.0

Alite/Belite (volume ratio)

m
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B
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Figure II-12: comparison of the results achieved by XRD-Rietveld and SEM-Point

counting for the 4 main cements in weight and volume ratios

A very good agreement was observed between XRD-Rietveld and SEM-Point counting data

that supports the validity of our XRD-Rietveld refinement data.
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I1.1.4. COMPARISON OF XRD, NMR AND SEM

Figure II-13 presents the alite to belite weight ratios from XRD-Rietveld refinement,

»Si NMR and SEM-Point counting.

~ 4[]
-_8 {1l SEM-Point counting
S 71N *si NMR
- |
= 67
2
Q i
2 )
N |
Q 4
X ]
D 4
Q 37
Q
+ 24
Q 4
~
= 17
<« |
0

A B C D
Figure II-13: comparison of the results achieved by XRD-Rietveld, SEM-Point counting

and ?Si NMR for the 4 main cements

For the four anhydrous cements, a very good agreement was found between SEM-Point
counting and XRD-Rietveld data. However, comparisons of both techniques with *Si NMR
exhibited an important difference for Cement B and D.

It is noted that the *Si NMR method underestimates the belite content and overestimates
the alite content as compared to the XRD-Rietveld analysis. As explained in [23], the
systematic variations in alite and belite content may reflect the difference in nature of the
»Si NMR and XRD experiments, which primarily depend on the local and long-range order
in the materials, respectively. In addition, the content of amorphous phase in anhydrous

cement could modify the alite to belite ratio. It is still controversial [53].
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Il.1.5. ACCURACY OF X-RAY FLUORESCENCE

X-ray fluorescence (XRF) measurements were carried out by an external company (APC
Solutions SA, CH-1021 Denges) using a Bruker AXS S4 Explorer spectrophotometer
operating at a power of 1 kW and equipped with a Rh X-ray source.

Crystal used were OVO55FC for Na, F, Cl with 0.46° divergence collimator, PET for Al, Si,
P et Mn with 0,23° divergence collimator and LiF220, with 0,23° divergence collimator for all

other elements.

The chemical composition of the four cements and Clinker L. determined by XRF is given in

Table II-9.

Oxides Cement A Cement B Cement C Cement D Clinker L SD
SiO, 24.68 20.51 21.01 21.03 19.72 0.40
Al,0O4 2.11 5.10 4.63 5.01 5.44 0.20
Fe,04 0.43 3.33 2.60 2.54 3.85 0.10
CaO 68.67 61.29 64.18 63.45 66.11 0.40
MgO 0.58 2.82 1.82 2.05 0.92 0.10
SO, 1.82 2.78 2.78 3.01 2.07 0.10
K,O 0.06 1.40 0.94 1.02 0.53 0.04
Na,O 0.17 0.24 0.20 0.26 0.38 0.03
MnO 0.01 0.05 0.03 0.04 0.04 0.01
TiO, 0.05 0.19 0.14 0.16 0.19 0.01
P,0; 0.45 0.37 0.40 0.08 0.39 0.01
LOI 0.97 1.94 1.26 1.34 0.33 0.10
Cl - - - - < 0.01 -

Na,Oeq 0.22 1.16 0.81 0.93 0.73 0.06
CO, 1.30 0.80 1.40 0.50 - 0.20
Total 100 100 100 100 100 -

Table II-9: oxides composition of the 4 cements from XRF analysis and CO, content

from TGA analysis
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In this table, the standard deviations (SD) are reported for XRF analysis. These errors are
typical of those amongst laboratories for chemical analysis of cement [54]. Analyses of our
samples were also made in two different laboratories and provided us with results within
these error bars. As an example, for Cement B, these two laboratories assigned for CaO
respectively an oxide amount of 61.29; 61.68 wt% and 20.51; 20.13 wt% for SiO,. If the other
oxides amounts are kept equal for the set of data regardless of the phase compositions, the
amount of alite increases by 5 wt% and the amount of belite is reduced by 5 wt% when
these values are used in the Bogue calculation. The variation in alite/belite ratio is 0.8

which illustrates the extreme sensitivity to the input values.

Il.1.6. COMPOSITION OF THE CEMENT PHASES FROM EDS

The real compositions of each anhydrous cement phase (alite, belite, aluminate and ferrite)
were measured by energy dispersive X-ray spectroscopy using the Princeton Gamma-Tech

(PGT) energy dispersive X-ray analyser (see Table 11-10).

For each anhydrous cement phase, a series of points from EDS analyses were made to
identify the different phases (see previous Figures II-7 to II-10). In Cement A, four main
phases were identified: alite, belite, aluminate and calcium sulfate. In the other cements,

ferrite phase is present in addition to these phases.
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The atomic proportions of K, Na, Ca, Mg, Fe, Al, Si and S were measured by EDS. The
corresponding chemical compositions of cement are given in Table 1I-10 by atomic ratio
composition of the main anhydrous phases to provide input data for the modified Bogue
calculation. These values are very close to the average phase composition proposed by
Taylor ((T": table p 10 of [55], T* formulas p 7-26 of [55]).

The chemical composition can also be expressed in terms of the parent structural formula
units: for alite Ca;SiO; normalizing the atomic composition to 5 oxygen atoms, for belite to
4 oxygen atoms (although it is possible that vacancies occur in the oxygen sites for belite),

for aluminate to 6 atoms and for ferrite to 5 atoms (Table II-11).

As reported by Taylor [5], the significant substitutions in alite are of Na', K", Mg®" and
Fe*' for Ca®" and of Al*", (less significant: P°", S°') for Si*".
These substitutions are taken into account according to Taylor [55] and the equivalent

atomic ratios for the four clinker phases are presented as following:

in alite:

for Ca’: Na', K', Mg*" and Fe® 2 Ca, = Ca’ + Na' + K" + Mg*" + Fe*
for Si*': AI*", P*" and S°° 2 Si,, = Si*" + APP" + S

in belite:

for Ca®': Na', K', Mg” 2 Ca, = Ca’ + Na' + K' + Mg*" + Fe*
for Si*': AI*", P’ S%" and Fe® 2> Si,, = Si'" + AP’" + S+ Fe*

in aluminate:

for Ca’': Na', K', Mg®" and Ti'" 2 Ca,, = Ca’ + Na + K+ Mg*"
for AI*': Si'" and Fe® 2> Al,= AP’ + Si'" + Fe*

in ferrite:

for Ca’: Na" and K* 2 Ca, = Ca’ + Na’' + K'

for AI*': Si'*", P*'and S
2 (Al+Fe),, = A" + Si*" + Fe**
for Fe*': Mg®', Si'" and Ti"
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Alite Ca Na K Mg Fe Si Al S O Ca, Sieq Ca,,/Si,q, N’
Cement A 315 0.06 0.00 047 0.17 10.0 0.7 001 57.0 32.2 10.7 3.000 53
Cement B 309 0.08 0.00 1.03 035 100 08 0.01 56.8 32.4 10.8 2.999 87
Cement C 326 0.03 0.03 056 051 106 07 001 550 33.7 11.2 3.001 75
Cement D 31.0 0.07r 0.00 091 037 970 11 001 569 323 10.8 3.000 82
T 323 0.11 <0.11 0.67 0.22 10.7 04 <0.11 556 33.3 11.2 2.971 -
T? 32.7 - - 0.33 0.11 10.8 0.6 - 55.6 33.1 11.3 2.922 -
Belite Ca Na K Mg Fe Si Al S O Ca, Sieq Ca,,/Si,, N’
Cement A 27.8 0.07 0.00 0.13 0.14 12.7 1.2 0.04 579 28.0 13.8 2.029 88
Cement B 275 0.12 0.03 030 039 126 09 003 581 27.9 13.5 2.067 78
Cement C 288 0.07 0.23 0.06 045 132 08 0.12 563 29.1 14.0 2.079 74
Cement D 277 0.06 0.00 031 034 125 11 009 579 28.0 13.6 2.059 70
T 280 0.14 043 029 029 13.0 1.0 0.14 56.7 28.9 14.0 2.064 -
T? 28.1 0.14 029 029 029 129 09 014 570 28.8 13.8 2.087 -
Aluminate Ca Na K Mg Fe Si Al S O Ca, Al Cay/Al, N’
Cement A 257 0.77 0.00 027 037 26 1438 - 55.4 26.8 17.8 1.502 54
Cement B 25.8 0.47 0.07 054 1.33 1.9 14.7 - 55.2  26.9 17.9 1.501 39
Cement C  27.0 040 0.15 038 3.16 1.6 139 - 53.4 27.9 18.6 1.498 26
Cement D 240 030 0.03 259 275 23 129 - 55.2  26.9 17.9 1.502 47
T cubic 249 0.82 037 082 1.55 1.6 15.2 - 54.8 26.9 18.3 1.473 -
T? cubic 25.3 0.55 027 0.73 2.01 1.6 14.6 - 54.9 26.8 18.3 1.464 -
T ortho. 24.1 045 2.09 073 209 1.8 143 - 545 27.3 18.2 1.502 -
T? ortho 25.2  2.63 - - 1.35 1.1 15.6 - 54.1 27.8 18.0 1.541 -
Ferrite Ca Na K Mg Fe Si Al S O Ca, (Al+Fe), Caca/ ’
(Al+Fe)oq
Cement B 223 0.01 0.02 1.64 805 1.6 11.1 - 55.4 22.3 22.3 0.999 50
Cement C 238 0.00 0.00 1.34 1098 1.2 10.3 - 52.3 23.8 23.9 0.998 32
Cement D 222 0.02 0.00 214 6.71 2.3 11.0 - 55.5 22.2 22.2 0.999 46
T 222 0.11 011 190 6.94 1.6 11.2 - 56.0 22.4 21.6 1.037 -
T? 22.3 - - 223 670 17 11.2 - 55.9 22.3 21.8 1.023 -

Table II-10: atomic ratio composition of the main anhydrous phases in cements A-D by

EDS analyses (N’ is the number of analyses) and average compositions given by Taylor

in [55] (T': table p 10, T?: formulas p 7-26)
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Number

Cement A K Na Ca Mg Fe Al Si S (0] .
of points
Alite 0 <1 292(3) 4(1) 2(1) 7(3)  95(3) <1 500 53
Cay.92 Mgo.0a Alg.or Fegoz Sip.gs Os 298 102
Belite 0 <1 199(3) <1 <1 8(3)  92(3) <1 400 -
Cay g9 Alyos Fegor Sigge Oy 199 100
Aluminate 0 8(4) 280(10) 3(2) 4(1) 165(18) 30(12) <1 600 51
Cay g0 Mgo.03 Nag.os Alygs Fegos Sipso O 291 199
Ferrite Crystal size not sufficient for analysis -
Number
Cement B K Na Ca Mg Fe Al Si S (0] .
of points
Alite <1 <1 284(5) 8(2) 4(2) 9(5) 93(4) <1 500 87
Cay.gs Mgo.os Alp.g9 Fep.os Sip.os Os 296 102
Belite <1 <1 198(3) 2(1) 3(1) 7(3) 92(3) <1 400 73
Cay 95 Mgo.02 Alg.or Feg.oz Sip.gs Oy 200 102
Aluminate <1 5(2) 273(5) 5(1) 15(3) 168(10) 22(8) 0 600 39
Cay.r3 Mgo.os Nag.os Alyes Fegas Sipaz O 283 205
Ferrite <1 <1 194(5) 15(3) 76(13)  100(15) 14(5) <1 500 50
Ca, 94 Mgo.15 Al oo Fegre Sigis Os 194 205
Number
Cement C K Na Ca Mg Fe Al Si S (0] .
of points
Alite <1 <1 293(4) 5(1) 4(2) 6(2) 93(2) <1 500 75
Cay93 Mgo.o5 Alg.os Fep.os Sip.os Os 302 99
Belite 2(2) <1 200(5) <1 3(2) 5(3) 91(4) <1 400 74
Cay.g0 Alg.os Feg.os Sig.gr Oy 202 99
Aluminate 1(3) 5(2) 277(9)  11(12) 14(4)  162(9) 22(4) <1 600 14
Cay.rr Mgo.o1 Naggs Alygs Fegaq Sigaz O 294 198
Ferrite <l <1 206(3) _18(3)  57(5)  104(8) 17(6) <1 500 116
Cay g6 Mgo.1s Al og Feo,m Sig.17 O3 206 196
Number
Cement D K Na Ca Mg Fe Al Si S (0] .
of points
Alite 0 <1 289(3) 8(2) 3(1) 9(2)  93(2) <1 500 %
Cay.59 Mgo.os Alg.og Feo.o3 Sip.gs Os 300 102
Belite <1 <1 198(2) 2(1) 2(1) 8(2)  91(3) <1 400 -
Cay 95 Mgo.02 Alg.os Feg.oz Sipgr Oy 200 101
Aluminate <1 3(2) 268(15) 23(22) 19(5) 148(19) 28(11) 0 600 o4
Cay 68 Mgo.23 Nag.o3 Aly.gs Fegag Sip.as Og 294 195
Ferrite <1 <1 209(5) 19(5) 46(6) 109(11) 20(9) <1 500 146
Cay o9 Mgo.19 Alygg Fegae Sip.z0 Os 209 194
Number
Clinker L K Na Ca Mg Fe Al Si S (0] .
of points
Alite <1 <1 305(2) 3(1) 3(1) 8(1) 88(2) <1 500 124
Cag o5 Mgo.o3 Alg.os Fep.os Sig.ss Os 311 96
Belite <1 <1 205(3) <1 3(1) 8(1) 81(3) 5(3) 400 14
Cay05 Alg.os Feo.o3 So.0s Sio.s1 Oy 205 97
Aluminate <1 1(1) 300(6) 5(2) 17(5)  150(13) 21(9) 1(1) 600 141
Cag o0 Mgo.05 Nag.os Alyso Fegar Siga; Og 306 188
Ferrite <l <1 211(4) _13(3)  76(8)  93(7) 11(4) 1(1) 500 108
Cay 11 Mgo.as Alggs Fegrg Sip1n Os 194 205

Table II-11: atomic ratios for phases in Cement A to D and Clinker L calculated from
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Some wavelength-dispersive spectrometry (WDS) measurements were made by an external
laboratory in order to compare it with the EDS data. From a statistical standpoint, the data

was not exhaustive to use as a relevant data-set.

Il.1.7. REVERSE BOGUE CALCULATION

In the reverse Bogue calculation, the elemental oxide compositions are calculated from phase
content deduced by Rietveld analysis. The phase composition and the standard deviation
from EDS measurements are used in the elemental composition calculation and the
respective error bars. If phase compositions are not available, extreme values for substitution
in phases can be used to establish the error bars. This, however, leads to large errors: for
example £2 wt% for CaO is calculated as opposed to £0.9 wt% if EDS data are used. In such
an event, the comparison does not serve with relevance to detect problem in the Rietveld

quantification.

The data from XRD-Rietveld with EDS were used to calculate the overall chemical

composition-termed reverse Bogue and the results were compared with XRF data.

Reverse Bogue calculation was be used to check if any major error occurs.
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The results show (Figure II-14) there is a very good agreement between calculated oxide
compositions from Rietveld analysis, reverse Bogue and XRF. The small differences for the
ALO; and Fe,O, content in Cement B may be due to higher uncertainties in the Rietveld
quantification as a two forms of belite are used to describe the pattern.

For Cement C and D the SiO, and Al,O; contents disagreed. However, a sight variation on

the input data can lead to other trends.
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Figure II-14: anhydrous phases contents for 4 cements achieved by reverse Bogue

calculation and XRF elemental composition
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Il1.1.8. STANDARD BOGUE CALCULATION PROCEDURE

Using XRF and TGA results, the standard Bogue calculation [2] uses the following
procedure without taking into account the minor compounds (see details in Appendix 3):

» Assumptions of compositions of the four major phases are C,S, C,S, C;A and
C,AF.

» Assumption that all the Fe,O; occurs as C,AF.

» Assumption that the remaining Al,O, occurs as C;A.

* Deduction from the CaO content the amounts attributable to C,AF, C;A and free

lime, and solve two simultaneous equations to obtain the contents of C,S and C,S.

I1.1.9. MODIFIED BOGUE CALCULATION PROCEDURE

The procedure for the modified Bogue calculation [3] takes into account the real composition
of each phase (not only the main elements but also minor ions because phases are solid
solutions) and also estimates the contents of alkali and sulfate components.

The modified Bogue calculation is corrected for free lime because in our case there is no
limestone added to the cement, calcite (from the XRD-Rietveld refinement) could be also

included in the free lime correction.
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II.1.10. COMPARISON OF XRD, NMR, BOGUE AND MODIFIED BOGUE

In the following part (see Figures II-15 and II-16), XRD-Rietveld results are compared to
results from *Si NMR, Bogue and modified Bogue calculations (1: using the composition

proposed by Taylor [5] and 2: using the composition deduced by EDS referred to Table

I-11).
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Figure II-15: phases contents from ??Si NMR analysis, Bogue and modified Bogue
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Figure II-16: comparison of the results achieved by Bogue, modified Bogue calculations

and XRD-Rietveld quantification

Bogue calculation [2] is the most widely used method of estimating the potential phase
composition of cement from the oxide analysis. However, this calculation gives inaccurate
results because the phases do not have the compositions that stoichiometric compositions
assumed.

In addition, even a small error in XRF data induces a large deviation on Bogue calculations

which renders the Bogue approach mathematically imprecise.
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As the modified Bogue calculation requires a matrix inversion, the error bars cannot be
easily deduced from XRF and EDS errors. The error bars on modified Bogue calculation
presented in Figure II-16 are calculated by modifying the phase composition with respect to
the stoichiometry using the standard deviation of EDS measurements and do not take into
account the error in XRF data.

A significant dispersion of the values obtained from the different methods is observed.
However, we know the modified Bogue calculation is rather unstable with respect to small
changes in values. In addition, for Cement A, the alumina ratio (AR=ALO;/Fe,0;) is equal
to 6.4 but as the modified Bogue calculation is meant for ratios from 1,5 to 3, this value is

well outside the range recommended by Taylor [5].

However, small errors in XRF analysis result into significant errors by the calculation

(= 5 wt% for C4S and C,S). Although, we cannot expect a good agreement between the

modified Bogue calculation and Rietveld analysis due to large error.
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I1.2. CHARACTERISTICS OF ANHYDROUS SLAGS

In the framework of this work, two ferrous blast furnace slags called Slag 1 and Slag 8 are
studied, as blast furnace slags are the most common used in cementitious applications. So in

the following part, only the blast furnace slags will be discussed.

Blast furnace slag is a by-product from the production of iron. BFS is formed from the
combination of limestone fluxes, coke ash and residues from the reduction of iron ore and is
mainly composed of SiO,-CaO-Al,0;-MgO.

The molten slag is quenched from ~1440°C to <100°C using either air or water. If cooled
rapidly enough, it forms a glassy material having latent hydraulic properties: ground blast
furnace slag (GBFS). When ground, a sharp-pointed, irregular shaped and granulated
material is obtained: ground granulated blast furnace slag (GGBFS). The finished product is
ground to the same fineness as cement. The final product contains an amount of glassy

phase, which depends on the rate of cooling (review from [56,57]).

Quenched slag, mainly consisting of glass, can be distinguished from slow-cooled slag, which
consists of crystalline phases. The quickly cooled granulated slag has characteristically high
latent hydraulic properties [58].

When ground to a powder of the same approximate fineness as OPC (about 3000-6000
cm?’/gr Blaine), the final product is called ground granulated blast furnace slag (GGBFS or
simply slag) and is used as an addition to current cement and concrete [59].

GBFS has successfully been used with Portland cement to produce blends that are of high
quality, more economical and more environmentally friendly [60]. In addition, the use of
slag-blended cements can improve the performance of concrete, in terms of physical
properties and durability.

The use of GBFS in cementitious systems is directly linked to its physico-chemical

properties.
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I1.2.1. MINERALOGY

Slags used in blended cements have less than 15% of crystalline phases. These crystalline
species can be represented in a ternary diagram as shown in Figure II-17 [58,59,61].

The crystalline fraction is usually melilite which is a solid solution of gehlenite (C,AS) and
akermanite (C,MS,); but depending on the origin and composition of the slag, some traces of
pseudo-wollastonite (SC), rankinite (C,S,), merwinite (C;MS,), monticellite (CMS) and
oldhamite ((C,M,F)S) can also be found.
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Figure II-17: ternary diagram of Ca0-Al,0,;-SiO, with 10 wt% MgO representing the

main field of chemical compositions of blast furnace slags [62]
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The following table (Table II-12) summarises the crystalline constituents of blastfurnace

slag.

Mineral name

Mineralogical formula

Simplified formula

Melilite Gehlenite 2 CaO ALO; SiO, C,AS
Akermanite 2 CaO MgO 2 SiO, C,MS,
Merwinite * 3 CaO MgO 2 SiO, C;MS,
Diopside and other pyroxenes** Ca0O MgO 2 SiO, CMS
o Bredigite
Dicalcium Silicate* B Larnite 2 Ca0O SiO, CyS
Y
Silicates Rankinite 3 CaO 2 Si0O, CsS,
Wollastonite CaO SiO, CS
Pseudo-Wollastonite CaO SiO, CS
Monticellite CaO MgO  SiO, CMS
Forsterite 2 MgO SiO, M,S
Enstatite ** MgO SiO, MS
Anorthite ¥* CaO AlLO, 2 SiO, CAS,
Leucite (K50, Na,0) Al,O0; 4 SiO, (K,N)AS,
Augite Complex silicates of Ca, Mg, Fe, Ti, Al
. MgO  ALO, MA
Oxides Spinels FeO  Fe,0,
Perowskite CaO TiO,
Sulfurs Oldhamite (Ca, Mg, Fe) S (C,M,F)S
Others Carbonaceous, sulphurous, nitrogenous compounds, alkali thiosulphates, etc.

* only in basic slags, ** only in acidic slags

I1.2.2. STRUCTURE OF THE SLAG

Table II-12: mineral compositions of crystallised blastfurnace slags [61]

The hydraulic properties of GBFS are determined by its chemical composition, and by its

vitreous state. Slags used for blending with cement have a glassy content between 90 and

100% [58].

Uchikawa et al. [59] showed that the variations in reactivity are mainly linked to the

chemical composition, the initiation temperature of cooling, and the cooling method. They

also found that the chemical composition of slags with high amorphous content is

microscopically homogeneous whereas slags rich in crystalline phases have a heterogeneous

chemical composition. In addition, in the case that crystalline phases are present, this phase

tends to have less ALL,O; and a higher MgO than the glass.
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Several reviews propose [59,63,64] that the structure of the glassy phase is a supercooled
liquid silicate. The silicate glass content is approximated by considering the vitreous silica in
which some Si-O-Si bonds are broken and neutralised by metal cations called structure
modifiers. Silica tetrahedra are isolated or polymerised with bridging oxygen atoms (see

Figure II-18).

@ Bridging oxygen w Silicon

@)-Non bridei ® Calcium or magnesium
(0-Non bridging oxygen o 5 . . "

Figure II-18: schematic structure of a glassy slag [64]

The idea of reactivity indices stems from the role of the different oxides in forming a glass
structure and expresses the fact that hydraulic activity is broadly favoured by more basic
composition [56].

SiO, is basically the glass forming oxide with four covalent bonds in an ideal network. But
slag consists of four-coordinated network formers, such as SiO,*, AlO,” and six coordinated
network modifiers, such as Ca®", AI’", Mg®>", Na', K' [59]. These modifiers ions, particularly
Ca’" and Mg*' are expected to disrupt the network structure. According to several studies
[61,65,66], it was found that CaO and MgO contents of slag used in blend mortar have a
positive effect on strength, whereas SiO, has a negative influence. However, the effect of
AL O, is complex and controversial.

It could be noted that if there is evidence of individual contribution of oxides on strength
development, there is no direct relationship with strength when these oxides are combined
with slags of different compositions. For this reason, the different moduli do not always

agree linearly with the order of reactivity of slags.
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The comparison of all these ratios with the strength results clearly invalidated the possibility

to estimate the reactivity of slag in blended systems, given that the initial oxides

composition was the only known parameter.

II1.2.3. CHEMICAL COMPOSITION OF SLAG

The composition of slag varies depending on the raw materials. However, in general, slag is

high in calcium oxide (30-40%) with significant amounts of silica (28-38%) and alumina (8-

24%). In addition, slag contains small amounts of magnesium oxide (1-18%) and sulfides (1-

2,5%), such as calcium sulfide (CaS), manganese sulfide (MnS) and iron sulfide (1-3% FeS).

The chemical composition of slag was carried out by XRF analysis (see Table 1I-13). The

standard deviations correspond to 10 repeatability tests on our powders.

Slag 1 Slag 8

Oxides Concentration SD Concentration SD
content (%) (%) (%) (%)
SiO, 36.61 0.04 34.60 0.04
Al,O4 12.21 0.02 19.98 0.03
Fe, 04 0.85 0.00 0.47 0.00
CaO 41.59 0.02 32.48 0.02
MgO 7.18 0.02 9.17 0.02
SO; 0.63 0.00 1.99 0.01
K,O 0.28 0.00 0.78 0.00
Na,O 0.18 0.01 0.16 0.01
MnO 0.14 0.00 0.06 0.00
TiO, 0.35 0.00 0.67 0.00
P,0O;5 0.01 0.00 0.01 0.00
LOI -0.03 - -0.37 -

Nay,Oeq 0.36 - 0.67 -

Total 100.00 - 100.00 -

Table II-13: oxides composition of two slags from XRF analysis
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To initially estimate the reactivity of slag, empirical formulas linked to the chemical
composition can be used. The different moduli are listed in Table 1I-14.

The chemical composition of slag can be used as an apriori estimator of the reactivity.
According to Smolczyk [61], the Al,O;, CaO and MgO contents have a positive effect on

strength, whereas SiO, has a negative influence.

Formula of moduli Slag 1 Slag 8 Comments

M, is the basicity index.
Ca0 When it increases, the solubility and thus the

750 1.18 0.97 reactivity of slag increases [67].
: Slag 1 has a higher M, ratio which corresponds
to higher solubility and reactivity.

M, = CaO'+MgO 1.37 1.93 Deriving from the basicity index, two moduli are
Si0, . . defined to judge the melting conditions of the slag [61]:
M, and M, ratio.
CaO + MgO The European Standard EN 197-1 recommends M, >1
* 7 §i0, + ALO, 102 077 which is in favour of Slag 1.
The M, ratio is defined to evaluate slags for cement
M, = 1;1_203 0.34 0.59 application. . o S
i0, When the range is 0,55< M, <0.53, it is an indication of
good performance in blended cements.
The two following hydraulic moduli can be defined: the
M; and M, ratios.
Depending on this value, the quality is evaluated [68]:
CaO + MgO + ALO, ] 1.5.< M; means that the slag has poor hydraulic
M; = - properties;
Si0, L71 1.82
= 1.55 M; <1.9 means that the slag has good
hydraulic properties which is the case of Slag 1
and Slag 8;
= M, > 1.9 means that the quality of the slag is very
good.
Dron [69] defined an index of reactivity: M, and he
M, = CaO x AlO; 0.99 0.93 found that the slag with a suitable quality should have
(SiO, + ALO,)’ ' ' this ratio is equal or higher than 0.18. So Slag 1 and

Slag 8 have a good quality.
Table II-14: main characteristic moduli of slag [61,67-69]
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All the moduli are convenient tools to rapidly estimate the quality of slag. Nevertheless,
some studies [65,70] reported that in practice, the modulus ratios do not always correlate

with strength, particularly at early ages.

I11.2.}. IDENTIFICATION OF STRUCTURES OF PHASES IN THE ANHYDROUS SLAGS

All the crystalline phases of slags were identified using the X'Pert High Score Plus program

from PANalytical with reference structures from the Inorganic Crystal Structure Database

(ICSD).
) ICSD
Phases Formula Crystal system  Materials Reference
codes
& Ca,(Mg, Al ;)
8 Melilite ’ Sos - 05 Tetragonal S8 67689  Swainson et al., 1992 [71]
n (Si;5Al 507)

Table II-15: structures of phases in the anhydrous slag samples

The slag samples were prepared in the same way as anhydrous cement phases.
The SEM-BSE examinations of Slags 1 and 8 reveal a homogeneous composition for the
amorphous part (see Figures II-19 and II-20). However, small amounts of crystalline phases

were observed as dendrites inclusions in the case of Slag 8 (see Table II-15 and Figure II-21).

Figure II-19: SEM-BSE image of anhydrous Slag 1
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=Crystals
of melilite

: : M s el W 75.0 im BT
Figure II-20: SEM-BSE image of anhydrous Figure II-21: SEM-BSE image of
Slag 8 with crystalline phase crystals of melilite in Slag 8

From EDS (Table II-16) and XRD analyses, the crystalline phase in Slag 8 was identified as
melilite. As previously explained [72], it typically occurs as elongated, more or less as
dentritic inclusions in the glass resulting from solid solutions from gehlenite (C,AS,) to
akermanite (C,MS,).

Both slags had a homogeneous composition even the Slag 8. It was previously reported that
in slags of high glass content, the composition is uniform but can be lower in Al,O; near to

melilite crystals [73].

Si/Ca (Si+Al)/Ca Ca/(Si+Al) Al/Ca S/Ca
Average SD Average SD Average SD Average SD Average SD
Slag 1 0.76 0.04 1.07 0.04 0.94 0.04 0.31 0.01 0.030 0.004
Slag 8 0.94 0.06 1.56 0.08 0.64 0.04 0.62 0.04 0.037 0.008

Table II-16: EDS of anhydrous slags
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I1.2.5. MEASUREMENT OF THE GLASS CONTENT

Due to the lack of structural order, the glass content is difficult to quantify. Nevertheless,
several methods have been studied to quantify the glass content. The most useful method
appears to be XRD, but DTA or DSC which depend on recrystallisation of slag have also

been used.

Thermal analyses

The oldest method used to determine the glass content is thermal analysis: differential
thermal analysis (DTA) is the most employed [67,74-78|. Differential scanning calorimetry

(DSC) [79] is also used as an alternate method using the same principal as thermal analysis.

As shown in Figure II-22, the first reversible exothermic peak in the temperature range 700-
800°C corresponds to the glass-transition temperature Tg (pseudo second order phase
transition in which the coefficient of thermal expansion changes sharply). This transition

temperature mainly depends on thermal history (cooling rate) and structure [80].

The two exothermic peaks with well-defined maxima in the range 925-1040°C are attributed

to the devitrification process. Using XRD, these peaks were respectively assigned to

merwinite (metastable phase) and melilite with minor components (such as larnite) [75,79|.
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merwinite

melilite

Figure II-22: DTA curves of three different anhydrous slags with recrystallisation peaks

at high temperature [75]

As shown in Figure II-23, the two endothermic events at about 1280-1315°C, involve the

melting of some crystal phases.

This method will be more detailed in Chapter V.

merwinite
:a) fine powder < 74 ym
'b) coarse powder 177 to 297 pm .'mehhte
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Figure II-23: DSC curves of a powdered anhydrous glass samples [79]
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Quantification of amorphous content by XRD-Rietveld analysis

Several XRD experiments were made to assess slag glass content. First, two studies [81,82]
used a quantitative X-ray diffraction method to compute the mass percentages of crystals
(o-quartz, mullite, magnetite and hematite) and deduce the glass content by difference. No

details however, are given concerning the error in these measurements.

Recent XRD measurements combined with Rietveld refinement [83,84| have also allowed the
amorphous content of slags to be quantified. As the amount of crystalline standard is known
by internal or external standard method, the true crystalline and amorphous contents can be

calculated.

To calculate the amorphous content, there are two kinds of standard methods: the internal
and the external standard methods.

= In the internal standard method, by using a defined quantity of crystalline
standard material mixed with the sample, it is possible to determine the ratio of crystalline
material in the sample to the crystalline standard and thus calculate the content of
amorphous material in the sample [85].

» In the external standard method [86], to avoid complications that might be caused
by grinding the sample and mixing it with an internal standard (homogenization for
example) diffraction data may be measured separately for the sample and the standard

under the same conditions [84].

In the case of our study, the external standard method was used to calculate the amount of
amorphous content in the blended anhydrous samples and a known amount of rutile (TiO,)
was chosen.

In this method, diffraction data are measured separately for the sample and the standard
under the same conditions. The validity of this method has been already reported on
cement-slag model mixtures [84].

The crystalline part of sample to standard ratio is determined by Rietveld quantification.

The values obtained are divided by the ratio of the measured to true amount of standard.
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The difference between the total of the corrected phase quantities and 100 wt% gives the

amount of amorphous phases. This approach is summarised in the following Figure 11-24.

1. Sample preparation: adding of a defined amount of crystalline standard

Sample Standard
+ .

2. Rietveld quantification: determination of the ratio crystalline part of the sample to standard

Sample Standard

o

3. Recalculation: determination of the amorphous part of the sample

Sample Sample Sample

crystalline crystalline

Figure II-24: schematic calculation of the amorphous content using an external standard

The validity of this method was tested on Cement D with slag model mixtures and
according to Le Saott [84], down to 10 wt%, the correlation of the actual weight and
analyzed weight of the slag content by both internal an external standard methods is very

good, as shown in Figure I1-25.
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Figure II-25: comparison between the actual weight and Rietveld analyzed amount of

slag in cement—slag model mixtures [84]
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Using the external standard method, the amorphous content was determined in pure

anhydrous slags (see results in Table II-17) and in blended anhydrous powders (see

Table II-18).

Anhydrous Slag 1

Anhydrous Slag 8

Phases Formula Average SD Average SD
Quartz Si0O, 0.5 0.1 0.0 0.0
Melilite Cay(Mgy 5Aly5)(Si; 5Aly 507) 0.0 0.0 5.8 0.5
Amorphous 99.5 1.0 94.2 1.0
Total 100.0 - 100.0 -

Table II-17: phases composition from XRD-Rietveld for the 2 anhydrous slags

Anhydrous Anhydrous Anhydrous Anhydrous Anhydrous Anhydrous
A-S1 B-S1 C-S1 A-S8 B-S8 C-S8
Phases Formula Average SD Average SD Average SD Average SD Average SD Average SD
Alite C,S (My) 43.0 0.1 29.7 1.1 36.4 1.3 41.7 0.3 37.7 6.3 39.4 0.9
Belite B-C,S 154 0.3 9.5 0.1 11.0 0.5 10.6 0.2 9.3 0.7 8.0 0.5
a'g-CsS 0.0 0.0 3.1 0.1 0.0 0.0 0.0 0.0 2.1 1.2 0.0 0.0
Total C,S 154 0.3 12.7 0.4 11.0 0.5 10.6 0.2 11.4 1.1 8.0 0.5
Ferrite C,AF 0.0 0.0 6.7 0.2 4.6 0.7 0.0 0.0 4.9 2.8 3.6 0.2
cubic C3A 2.2 0.0 2.4 0.2 3.3 0.2 1.6 0.1 2.1 0.1 3.0 0.1
. orthorhombic
Aluminate CoA 0.0 0.0 0.8 0.2 0.7 0.0 0.0 0.0 0.3 0.3 0.2 0.3
Total C3A 2.2 0.0 3.3 0.0 4.0 0.2 1.6 0.1 24 0.3 3.3 0.3
Lime C 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Periclase M 0.0 0.0 1.4 0.0 0.4 0.4 0.0 0.0 0.7 0.4 0.0 0.0
Gypsum CaS0O,-2H,0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Hemihydrate CaS0,-0.5H,0 0.9 0.1 0.9 0.0 0.9 0.1 0.0 0.0 0.9 0.5 0.8 0.2
Anhydrite CaS0O, 1.6 0.1 0.5 0.5 0.8 0.1 0.4 0.3 1.2 0.6 0.0 0.0
Calcium sulfate 2.5 0.2 1.4 0.5 1.7 0.0 0.4 0.3 2.1 0.3 0.8 0.2
Arcanite K,SO, 0.0 0.0 1.6 0.0 1.5 0.2 0.0 0.0 0.5 0.5 0.2 0.3
Portlandite CH 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Calcite CaCO, 0.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Quartz Si0, 0.0 0.0 0.6 0.6 0.3 0.3 0.0 0.0 0.0 0.0 0.0 0.0
Melilite Cay(MensAlos) - - - - - - 16 03 17 04 27 02
(S115A15,507)
Amorphous 36.9 0.7 42.0 2.5 40.2 2.5 44.0 0.4 38.7 2.2 41.9 1.3
Total 100.0 100.0 100.0 100.0 100.0 100.0

Table II-18: phases composition from XRD-Rietveld for the 8 anhydrous slag-cements

mixes
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I1.3. CONCLUSIONS AND DISCUSSION ON ANHYDROUS

CEMENTITIOUS MATERIALS

Cements

Considering the results obtained wusing wvarious techniques, the results indicate that
cementitious phases can be satisfactorily quantified by XRD-Rietveld refinement if an
adequate experimental procedure and a correct approach of Rietveld refinement are applied.
However, even with the assumption that the best available procedures are used, the

accuracy in the end is not better than the errors reported in for each phase in Table II-7.

The alite to belite ratio can be determined by SEM-Point counting measurements and the
results agree the one from XRD-Rietveld. The disagreement with *Si NMR could not be
well explained. It may be related to the presence of some amorphous material on the surface
of the alite grains.

The repeatability of the *Si NMR analyses is good. However, when compared with XRD-
Rietveld refinements, the *Si NMR results seem to provide systematically lower belite
content (more details are given in [23|). The work also addressed the Bogue calculation of
the clinker minerals and showed that small errors in the oxide composition results in
variation in C,S and C,S content at about 3 to 5%. The XRD-Rietveld results cannot be
reproduced by the Bogue calculation, however, the modified Bogue calculation correlates in

terms of repeatability and reproducibility.

As with reverse Bogue calculation, good agreement was found between SEM-Point counting
and XRD-Rietveld data this suggests that the errors lies with the *Si NMR method and the

corresponding limitations.

The results do indeed differ, probably often markedly, from the true phase compositions,
notably in underestimating alite and overestimating belite, and it is wunlikely that
equilibrium is maintained during cooling, but the direct source of error is that the

compositions of the clinker phases differ considerably from those of the pure compounds.
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Slags

The composition of amorphous phase is an indicator of disorder of glass structure. It is
generally closely related to the overall chemistry. Thus moduli from the bulk chemistry are
often used. However, they can be modified by the crystalline phases.

Considering the Gibbs free energy [87], the amorphous phase is much more reactive than the
crystalline phase. However, small percentages of crystalline phases may change the
composition of the glass phase and make it more reactive [72|. The particle surface defects
and relaxation of glasses are also important parameters in determining the reactivity of the
slag.

The reactivity of slag in cement has been reported to depend on a variety of factors,
including activators used, slag content, temperature, time, slag characteristics such as
vitreous fraction, chemical composition and fineness.

According to Hinrichs et al. [77], the slag dosage in the range of 25-70% by mass of cement
replacement did not have a significant effect. In another study, Escalante et al. [88] reported
that reactivity decreased above 30-50% replacement. Battagin et al. [89] claimed that the

blend with the lowest slag replacement had the lowest slag reactivity.

Since researchers have obviously obtained contradictory results, this is good motivation to

investigate more work on the reactivity on slag in composite cements.
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CHAPTER III: INVESTIGATION AND
IMPROVEMENTS OF METHODS TO STUDY

HYDRATED CEMENTITIOUS MATERIALS

In concrete and mortar, the study of the hydration process of Portland cement is
complicated by the presence of the aggregates, so many methods have been investigated on
cement pastes in order to define different characteristics such as: measurement of the
chemically water bound using loss on ignition [90,91] or quasi-elastic neutron scattering [92],
the quantification of phases by XRD [8,16,93|, the characterisation of the microstructure
from scanning electron microscopy combined with image analysis (SEM-IA) [93,94] and the

kinetics of reaction using calorimetry.

This chapter describes the use of a combination of independent techniques to study the
hydration of blended cements with slags. Quantitative X-ray diffraction with Rietveld
analysis was the main techniques used to investigate the content of crystalline phases and
deduce the degree of reaction of cement. Thermogravimetric analysis (TGA) was employed
to quantify the content of calcium hydroxide.

Scanning electron microscopy of polished surfaces combined with image analysis was used as
a complementary technique to assess the degree of reaction of cement.

Because they have the advantage of following continuously the hydration of cement,
isothermal calorimetry and chemical shrinkage were used in parallel. Isothermal calorimetry
measures the kinetics of reaction over the time due to the exothermic nature of hydration
while chemical shrinkage follows the shrinkage due to hydration.

This chapter gives the conditions in which the different techniques were used, established
the limits of utilisation as a function of the materials studied and compares the results

between techniques where possible.

- 59 -



III.1. EXPERIMENTAL CONDITIONS

IIl.1.1. MIiX DESIGN

Different blended systems corresponding to the reference systems were made. The water to
binder volume ratio of blended pastes was kept constant and equal to the water to cement
volume ratio of the unblended systems.

Table III-1 summarises the main materials used and their characteristics in pastes. The

density of each raw powder was determined using helium pycnometer.

Substitution ratio Density of the X .
Water/Binder Water/Cement Water/Binder Water/Cement

Materials of cement-SCM raw powder . . . . . .
R 3 (volume ratio) (volume ratio) (weight ratio) (weight ratio)
in paste (g/cm”)

Cement A 100%-0% 3.14 1.27 0.13 0.40 0.40

Cement B 100%-0% 3.18 1.27 0.13 0.40 0.40

Cement C 100%-0% 3.18 1.27 0.13 0.40 0.40

Cement D 100%-0% 3.18 1.27 0.13 0.40 0.40

Slag 1 - 2.93 - - - -

Slag 8 - 2.91 - - - -

Quartz - 2.71 - - - -

Cement A-Slag 1 60%-40% 3.04 1.27 0.23 0.41 0.69

Cement B-Slag 1 60%-40% 3.06 1.27 0.23 0.42 0.69

Cement C-Slag 1 60%-40% 3.06 1.27 0.23 0.42 0.69

Cement A-Slag 8 60%-40% 3.02 1.27 0.23 0.42 0.69

Cement B-Slag 8 60%-40% 3.03 1.27 0.23 0.42 0.70

Cement C-Slag 8 60%-40% 3.03 1.27 0.23 0.42 0.70

Cement A-Quartz 60%-40% 2.97 1.27 0.24 0.42 0.71

Cement B-Quartz 60%-40% 2.99 1.27 0.24 0.43 0.71

Cement C-Quartz 60%-40% 2.99 1.27 0.24 0.42 0.71

Table III-1: main systems and their characteristics in pastes
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II1.1.2. SAMPLE PREPARATION
II1.1.2.a. Mix procedure for cementitious pastes

The mixes were made at ambient temperature (20°C) in a 25 mL polyethylene box large
enough to place the paddle of the vertical mixer IKA LABORTECHNIK RW20.n.

For each mix, the cement and the corresponding SCMs were weighed out and the resulting
powder was premixed in a TURBULA shaker-mixer before the addition of water to ensure a
good homogenisation of the mixture. The mixing container undergoes a three-dimensional
movement that exposes the product to always changing, rhythmically pulsing motion. Good
homogenization required a minimum of 5 hours mixing after checking of the powder

dispersion under SEM.

To keep the water to binder volume ratio constant at 1.27, the corresponding the water to
binder weight ratio is given in Table III-1.

Water was added to the premixed powder and the resulting paste was mixed with a paddle
at a rotation speed of 500 rpm during 3 minutes, then the mixing was stopped during 2

minutes and finally mixed again at 2000 rpm for 2 minutes.

II1.1.2.b. Stopping hydration by freeze drying for early age samples

For early age specimens whose hydration was stopped at 12 hours, paste was cast in small
cylinders (15 mm in diameter and 30 mm in length).

Especially with these relatively young pastes, the problem often arises of removing excess
water after the specified time of curing to stop the hydration reactions. So the hydration of
12 hours samples was stopped using the freeze drying technique.

This process removes the free water by sublimation (transformation from a solid directly
into a gas).

Practically, the specimens were carefully sealed into a plastic container, plunged into a
Dewar filled with a cold mixture of solid CO, and ethanol at -80°C. The samples were left
long enough (3-4 hours) in the Dewar in order to freeze completely the water. Finally the
specimens were placed in a TELSTAR Cryodos Freeze-dryer to quickly remove the frozen

water.
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Except for ettringite, freeze drying has been shown to be effective with regard to

microstructure preservation [95-97].

II1.1.2.c. Solvent replacement for other samples

For later ages, specimens whose hydration was stopped at 1 day or after, the paste was cast
in cylinders (30 mm in diameter and 50 mm in length). After 24 hours, the cylinders were
demoulded, covered with tap water and kept saturated. The first layer (1 mm thick) of the
paste cylinders exposed to water was systematically discarded in order to remove the
possible leaching of Ca®" induced by the curing.

At the appropriate ages, two slices about 4 mm thick were sawn from the cylinder. These
slices were immediately placed in the diffractometer for XRD analysis, then dried by solvent
exchange using immersion in isopropanol for 7 days. The water in the sample is exchanged
with isopropyl alcohol, which does not react with cement.

The specimen should preferably be thin to allow for rapid exchange. Furthermore, the
hydration should have passed the acceleration period, corresponding to maturity at 1 day.
After 7 days, the samples were put in a desiccator over silica gel and under pumping to
evaporate the alcohol. Then the samples were placed again in the diffractometer for XRD
analysis. Part of the slice was reserved for TGA, the rest of the slice was impregnated with
epoxy resin, polished down to 0.25 ym and carbon coated for SEM examination.

The solvent exchange is considered to be gentle to the cement paste microstructure,

minimizing the collapse of the C-S-H structure [98].

After stopping hydration, all the specimens were stored in a nitrogen purged chamber to

protect them against possible carbonation and further hydration due to humidity.
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II1.2. QUANTITATIVE ANALYSIS BY XRD-RIETVELD

II1.2.1. XRD EXPERIMENTAL CONDITIONS

The data of hydrated slice samples were collecting under the same conditions as for the
anhydrous ones (see I1.1.2.a).

For each specimen hydrated for 12 hours, after the freeze-drying procedure, the material was
ground and the resulting powder was analysed by XRD.

For other ages (more than 1 day), two slices were analysed by XRD in a standard circular
sample before stopping hydration with isopropanol (diameter 3.5 mm).

The XRD experiments were duplicated, hence each point represents an average of two

experiments.

II1.2.2. SCOPE OF REFINEMENT FOR HYDRATED PASTES
II1.2.2.a. Identification of structures of hydrated phases

As for the anhydrous phases, all Rietveld refinements were made using the X’Pert High
Score Plus program from PANalytical with the following structures taken from the Inorganic

Crystal Structure Database (ICSD) for hydrated paste (see Table III-2).

Crystal
Hydrated phases Formula rysta ICSD codes Reference
system
Portlandite CH Hexagonal P 15471 Petch, 1961 [36]
Moore et al., 1970 [99]
Ettringit C,A(CS),H,, H 1P 16045 .
rHnette A (C8):H, cxagona Getz-Neunhoeffer et al., 2006 [100]
Calci .
Hydrates 4t , C,ACH,, Triclinic P 59327 Francois et al., 1998 [101]
from monocarboaluminate
Calci
cement arerm , C,ASH,, Hexagonal 100138 Allmann, 1977 [102]
monosulfoaluminate
Calcium . 041-0221 Pollmann et al., 1989 [103]
C,AC,:H,; ;5 Rhombohedral ’
hemicarboaluminate — © 7 ''? ombotiedra (PDF Number) Fisher et al., 1982 [104]
Calcium Silicat C-S-H 033-0306
aferm siicate _ Unknown Mohan et al., 1980 [105]
Hydrates Cay ;Si0, s xH,0 (PDF number)
Hydrat Mg:AlL(CO,)(OH) 4
yaraes Hydrotalcite &:AL(CO;)(OH).y, Hexagonal 81963 Bellotto et al., 1996 [106]
from slag 4H,0

Table III-2: structures of phases in the hydrated samples
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Some of the hydration products are amorphous to X-rays and so do not produce sharp
diffraction peaks.

As in the previous chapter, the Rietveld refinement is carried out for each different
cementitious system. For instance, the incorporation of improved existing structure models
such as the recent ettringite structure [107| have been tested and included in the control file.
For slag blended systems, the hydrotalcite like phase could be identified: it is not exactly
natural hydrotalcite which the formula is MgzAl,(OH),;CO;.4H,0 but it is more like
quintinite, with the formula Mg,Al,(OH),,CO;.4H,0 (it was validated by EDX analyses).
However, the peaks do not get affected (quintinite is isostructural with hydrotalcite) and it

could be noted that there is no pattern for quintinite.

I11.2.2.b. Ferrite phase

In hydrated cement, the occupancy parameter values were taken to be the same as those of
the corresponding anhydrous cement and were not refined. As shown in Figure III-1, the
XRD-Rietveld quantification of ferrite phase was greatly improved in hydrated samples

using this strategy.

6 ////
|- ®-- Ferrite in C
’g 5 —un— Ferrite with fixed occupancy correction in C
=}
&
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-~
g 34 } W\I\.
o \ B |
o \\ i\\\\ \I\.
Q \ / \i \
j: 2_ \ // ‘\ ]
: S o Y J \\\\\ n
0 " NS E
B~ 14 s
0+ T L L R | T UL L |
0.0 1 10 100

Time (days)

Figure III-1: influence of refinement of ferrite occupancy in Cement C
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II1.2.2.c. Calcite phase

As shown in Figure III-2, at 29.40°, there is an overlap between a peak of calcite and one of

the poorly crystalline C-S-H phase.

Simulated pattern

\ \ |
28.50 29 29.50 30
Position [°20] CuKa

Figure III-2: part of XRD pattern of Cement C hydrated for 14 days

If calcite phase is refined at every age, its contribution is overestimated due to the presence
of C-S-H. For example, for Cement C hydrated for 14 days, the calcite content would be
estimated at 5 wt% whereas it was 0.4 wt% for 1 day.

The initial calcite content was low for all the anhydrous cements used (see Table II-7) and
there is no strategy to differentiate calcite and C-S-H contributions. So for all cementitious
mixes hydrated more than for 14 days, it was decided to not include anymore the phase of

calcite in the Rietveld refinement, because of the predominance of C-S-H.
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I11.2.2.d. C-S-H and background contribution

For all the hydrated mixtures, the polynomial function did not described well the amorphous
hump so a background correction using the Sonneveld algorithm [108] was applied before the
refinement. For long ages of hydration even, this correction did not fit the background well
enough, in this case a manual correction was done to precisely achieve simulation of the

C-S-H contribution.

Intensity

(Counts) ——Experimental pattern

- - --Background
3000 |

2000 |

1000

Position [°20] CuKae

Figure III-3: XRD pattern of Cement B hydrated for 28 days

An example of XRD pattern of Cement B hydrated for 28 days is presented in Figure III-3.
The presence of unfitted large peaks at about 29 and 50° (260 CuKa) corresponds to the ill
crystallized phase C-S-H. However, due to the lack of structural data, the C-S-H pattern

cannot be included in the control file nor refined.
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In order to refine the C-S-H contribution, a manual fit of the background is made and leads

to a better simulated pattern as shown in the following figures.

The difference between manual or automatic background increased with the hydration time

(see Figures III-4 and III-5).

------- Manual background

—— Automatic background

25 30 35 40
Position [*26] CuKa Position [°26] CuKa
Figure ITII-4: XRD patterns of Cement B Figure III-5: XRD patterns of Cement B
hydrated for 28 days with and without hydrated for 2 years with and without
manual fit of background manual fit of background

The content of C-S-H corresponds to the amorphous content (detailed below) in the case of
pure hydrated pastes.

At early ages, the difference between 2 backgrounds was not significant. However, for 2
years hydrated cements, the content of C-S-H could change 10% as a function of the choice

of the background.

- 67 -



II1.2.2.e. AFm phases

As previously noticed by comparing XRD and *Al NMR experiments some AFm phases
[109,110] have low crystallinity and variations in composition that lead to changes in
position and intensity of reflections in the XRD patterns.

The quantification of AFm phases by Rietveld analysis is therefore not reliable.
Furthermore, the calcium hemicarboaluminate when present cannot be refined due to the
lack of structural data. For this reason, Al NMR was also used to investigate the AFt and

AFm phases [111].

As shown in Figure III-6, three kinds of AFm phases could be identified by XRD analyses:
» around 9.75°: peak of calcium monosulfoaluminate;
= around 10.75°: peak of calcium hemicarboaluminate;

= aground 11.5°%: peak of calcium monocarboaluminate.

Ettringite
ECalcium
imonosulfoaluminate

Calcium
hemicarboaluminate

Hydrotalcite

Calcium

\“[VM monocarboaluminate

A-S8 at 7 days

"

B-S8 at 7 days

8 9 10 11 12 13
Position [°28] CuKa

C-S8 at 7 days

Figure ITI-6: XRD pattern of Cement B-Slag 1 paste hydrated for 28 days
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Taking into account all the parameters for each hydrated phase and the one already defined

for anhydrous phase, a control file was defined for each cementitious system.

II1.2.2.f. Degree of hydration of cement

To calculate the degree of hydration of cement from XRD, the content of amorphous part is
necessary. The Rietveld analysis gives the sum of the mass of phases present normalized to
100%. The result of Rietveld analysis gives the weight fraction of the anhydrous phase in the

cement paste mf,;(t). The degree of hydration of cement is then defined as:

DHCement (t) _ VVanhydrous(t = 0) - Wanhydrous(t) _ Wanhydrous<t)
XRD -

= 1 = 1 - Wfa,nhvdrous
VVanhydrous(t = 0) V“/varxhym'ous(t = 0) -/

(t) Equation 8

Where:
W annyirous(t=0): initial anhydrous weight of cement;
Wannyirous(t): anhydrous weight of cement at time t;

W wnyirous(t): weight fraction of cement at time t.
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II1.2.3. KNOWN PROBLEMS-IMPROVEMENTS
IT1.2.3.a. Preferred orientation

Preferred orientation corrections for sulfate phases, portlandite and ettringite were made in
accordance to the March model after Dollase [50]. In order to stabilize the refinement, the
shifts of these parameters, except scale factor, were damped taking care that no bounds were

reached when the refinement is finished.

II1.2.3.b. Reference sample as an indicator of the stability of the

diffractometer

An analysis of the standard was made before and after each series of acquisitions not only to
calculate the amorphous content but also to examine any possible instability of the
diffractometer with time. An example of problems with the XRD generator is given in

Figure III-7.

Intensity )
(counts) — Rutile standard
—— Deviated pattern
20 000 of rutile standard
10 15 10 000—
A n o

Position [°20] CuKa

Figure III-7: XRD patterns of rutile standard with and without deviation
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As shown in Figure III-8, for alite and amorphous contents, a difference in experimental
acquisition conditions between the standard and the sample can lead to an important error

in the quantification of the amorphous content and consequently of the other phases.

100_ —A— 038 content
g 90__ oA C3S content with instability of diffractometer
&O 80__ — =& — Amorphous content
~ +od " Amorphous content with instability of diffractometer
2 i
8 60
“ 4
S 507 —
S 4
- 40
= ] :
a0 30 N
o | . .
Q) . u
B 20 A
101 . ‘
571777
0 2 4 6 8 10 12 14 16

Time (days)
Figure ITI-8: evolution of amorphous and C;S contents of Cement D with or without an

instability of the diffractometer
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I11.2.3.c. Influence of isopropanol

For all experiments, X-ray diffraction patterns were recorded before and after stopping
hydration. The results retained correspond to the refinement just after cutting the slices to

avoid the possible evolution of phases after one week in isopropanol.

Intensity
(Counts)| Cement A hydrated 28 days after 1 week in isopropanol
Intensity %
(Counts) E,E
4000 as] o}
1000 @) +
m‘ﬁ
O
500

Ettringite .go .*:;i

0 peaks 2000 g g

8.50 9 9.50 z £

N 2,

hspwat ALY o

10 20 30 40 50 60
Position [°20] CuKa

Figure III-9: XRD patterns of Cement A with influence of isopropanol

In Figure III-9, the effect of stopping hydration is shown on the same slice before and after
one week in isopropanol.

As observed previously [84], it is clear that ettringite is damaged by storage in isopropanol.
The corresponding quantification decreased from 8 to 5 wt% which induced also small
changes in the quantification on the other phases due to the 100% normalisation of Rietveld

refinement and confirmed current protocol to measure immediately after cutting.
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IT1.2.3.d. Dilution effect

The output from the Rietveld quantification includes all crystalline and amorphous phases,
hydrates and anhydrous, except water and gives the sum of the phases present normalise to
100 wt%. But this system cannot be considered closed, because in the case of hydrated
paste, the total absolute mass will change with time due to the external mass (water) which
enters the solid phases during hydration.

XRD measurements were made on surface of the slices which are quickly dried under
nitrogen before acquisition. The X ray penetration depth can be considered around 10 pm in
the case of cement and in the investigated volume, there is no or little amount of free water.
Therefore, the water combined by hydration is calculated from the Rietveld output and this
calculated water is added to the phases quantified by Rietveld, resulting in a closed system

(see Figure III-10).

Free water

Measured by XRD

Reallw/c

Figure ITI-10: schematic description of a closed system based on calculations

The formula to calculate the phase content taking into account the dilution effect is:

(1) = 100 x %Phase from Rietveld (t)
with correction of dilution 100 _ LOI

%Phase Equation 9

Where:

LOI: Loss On Ignition, weight loss from TGA measurement on anhydrous systems.
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As shown in Figures III-11 and III-12, the contents of raw crystalline phases will be

decreased by the correction of the dilution effect. This correction is important at early ages.

80
E - CSin 100% A

—,
70 }\ —— Corrected C,S in 100% Al
604

50
10-
30 -
20 —

104

Weight content of CgS (wt%)

T — T
0.0 1 10 100

Time (days)

Figure III-11: evolution of C,S corrected or not by dilution effect in the 4 cements mixes

i CZS in 100% A
30 1—— Corrected C,S in 100% A

ofb

20

Weight content of CoS (wt%)

0 - //"""'I R | R |
0.0 1 10 100

Time (days)

Figure ITI-12: evolution of C,S corrected or not by dilution effect in the 4 cements mixes
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II1.2.4,. REPRODUCIBILITY, REPEATABILITY AND ACCURACY

II1.2.4.a. Reproducibility from the influence of the mixing

In order to test the reproducibility, a new series of samples of Cement D were acquired at 1,

2, 3, 7, 14 and 28 days. The XRD patterns provided comparable results to the duplicates

from the first mixes (so 3 points are on Figure III-13 for each age).
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Figure III-13: evolution of contents of clinker phases in Cement D
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Figure III-14: evolution of portlandite, ettringite and degree of hydration of Cement D

As shown in Figures III-13 and III-14, the refined contents of phases and the degree of

reaction of cement obtained from different mixes are quite close from both mixes. Indeed,

between two mixes, there is less than 1 wt% of error on the different contents of each phase.
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I11.2.4.b. Repeatability from the influence of the Rietveld refinement

As for the refinement of anhydrous materials, the quantifications were made several times as
a function of parameters previously defined.

In order to precisely establish the error bars on the final results, we considered the
maximum difference between the refinements made on each phase. The results are

acceptable and the corresponding errors are represented in the graphs.

II1.2.4.c. Reproducibility compared to results from #*Si NMR

Some comparisons were done for Cement A and C between *Si NMR from another study
[22] and our XRD results. As shown in Figures III-15 and III-16, it was found that the
results for Alite in Cement A agreed well.

For belite in both cements, the *Si NMR underestimate the results compare to XRD but the

ranges are similar and at the moment *Si NMR did not provide any error bars.

100 T—7
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Figure III-15: degree of reaction of alite and belite from XRD-Rietveld and *°Si NMR

for Cement A
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Figure III-16: degree of reaction of alite and belite from XRD-Rietveld and *Si NMR

for Cement C

III.3. THERMAL ANALYSIS

II1.3.1. TGA EXPERIMENTAL CONDITIONS

Thermogravimetry analyses were carried out in a dry nitrogen atmosphere with a Mettler
Toledo TGA/SDTAS851e. The dry pastes were crushed to powders, put in 40 mL crucibles
and an alumina lid was placed over each crucible to prevent carbonation and/or other kind

of contamination.

The samples were heated from 30 to 950°C at a constant rate of 10°C/min under a nitrogen

flow rate of 30 ml/min.

II1.3.2. PRINCIPLE

Thermogravimetric analysis depends on measuring the dynamic weight loss from a sample as
it is heated at a controlled rate. The corresponding derivative thermogravimetric (DTG)

curve is often calculated to better identify the changes.
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Figure III-17: TGA and DTG curves for Cement B hydrated for 12 hours

Figure III-17 shows an example of TGA and DTG curves of a cement paste.

» From 25 to 415°C: part of the bound water in C-S-H escapes and there is also the
decomposition of calcium sulfate components around 180-300°C.

» From the thermogravimetric (TG) curve, a weight loss due to dehydration of
calcium hydroxide occurs in the region of 420 and 550°C and the chemical reaction is:

Ca(OH), — CaO+ H,0O Equation 10

The weight loss corresponding to one mole of water originates from the
dehydroxylation of one mole of calcium hydroxide.

» If there is evidence of carbonation, which occurs in the temperature range 600-
780°C, then the amount detected on the TG output must be accounted for.

Carbonation equation from calcite or even vaterite (normally this reaction should not
occur in nitrogen atmosphere during TG measurements):

Decarbonation equation:

CaCO; — CaO + CO, Equation 12
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A correction to the portlandite content can be made by quantify the amount of carbonated
CH which can be detected in the decarbonation process between 600 and 900°C. However, it
is an assumption because C-S-H may also carbonate directly. Thus, to take into account the
total portlandite content, the following equation was used [112]:

CHtOt = ACH X MCa(OH)2/MH2() + ACC X MCa(OH)Q/MCOQ Equation 13

Where:

ACH: weight loss due to the dehydration of calcium hydroxide;
ACC: weight loss due to decarbonation of calcite;

Mooms: molar weight of portlandite (74 g.mol");

Myys0: molar weight of water (18 g.mol”);

Meps: molar weight of carbon dioxide (44 g.mol”).

However, it must be noted that the second term of the equation relating to carbonation is

only used if a weight loss due to carbonation is seen on the TG curve.

II1.3.3. DATA TREATMENT

Two kinds of determination of portlandite and calcite contents were investigated:
= the tangent method;

= the derivative method.

Tangent method

At 425-550°C, there is a change in TGA slope which is due primarily to decomposition of
portlandite. Even if the loss of bound water from the decomposition of the C-S-H mainly
occurs from 180 to 300°C [5], some water loss from the C-S-H also occur in this temperature
range and beyond.

So the tangent method takes into account the C-S-H contribution.

The amount of portlandite and calcite were calculated using the “tangent method” as

illustrated in Figure III-18.
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The onset and final temperature for the weight loss of water from CH was marked on the
plotted TG curve (blue). Tangent lines were drawn from each point along the TG curve
(blue lines). A line was then drawn between the onset point and the final temperature point

along the slope of the TG curve.

The mid-point was found and a vertical line (blue arrow) between the two blue tangent lines
was then drawn which passes through the mid-point.

The length of the vertical line is related to the percentage weight loss on the plot (the Y
axis) and corresponded to the weight loss of water from CH.

The same procedure was used in the temperature range 600-780°C on the TG curve for

calcite determination (red part in Figure III-18).
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Figure ITI-18: determination of portlandite and calcite contents by tangent method
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I11.3.3.b. Derivative method

An alternative method is to calculate the amount of portlandite and calcite using the first
derivative curve.
The DTG curve better marks all different processes than TGA because it have marked

inflexion points, plateaus, features that are not clear in the TGA curves.

The principle of this method consists to trace the derivative curve, find the beginning and
the end of the derivative peak and measure the weight loss corresponding (see Figure I11-19).
It is very simple to derivate the curve and calculate the integration of the peak to find the

weight lost.
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Figure ITI-19: determination of portlandite and calcite contents by derivative method
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Comparison between tangent and derivative methods

As shown in Figure III-20, the results from tangent and derivative methods deviated more
than 2%. The results from tangent method appeared to be pretty reproducible because the
method is easy to apply. However, with the derivative method, it is so easy to define the
start and end points. In addition, the tangent method is more realistic because some C-S-H
contribution can be taken into account whereas the derivative method does not provide the

background modification induced by C-S-H in the same temperature range.
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Figure III-20: results of TGA measurements for Cement A-Slag 8

II1.3.4. SAMPLING EFFECT

Because the quantity used for TGA analysis was very small (between 20 and 40 mg) when
the experiment was redone, if the result was reproducible it was assumed to be

representative of the whole specimen that it was extracted from.

So the sampling effect is investigated by considering two kinds of samples at 28 days:
= one from the border of the slice;

= the second from the centre.

As shown in the following table (Table III-3), the results between the two samples were not
significantly different. This indicates that effects of leaching are negligible. Nevertheless,

samples were always taken from the centre of the slice.
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Center Border

. Tangent method 7.7 7.6
Portlandite content Derivative method 12.2 11.8
. Tangent method 1.0 0.8
Caleite content Derivative method 4.4 4.4

Table III-3: results of sampling effect from Cement B-Slag 8 pastes hydrated for 28 days

About the storage, the samples are kept under nitrogen atmosphere so they should be
protected against carbonation; however, calcite was always present on TGA curves even if
the content in the initial cement was low (it could be introduced with mixing water).

The samples can stay several hours exposed to air waiting for their turn in the device to be
analysed. To study if this was the reason for the unexpected content of calcite, the place of
specimen in the analysis sequence was also tested. A specimen was analysed at the beginning
of a series of samples and a similar specimen was analysed at the end of this series. There

was no significantly difference.

When no lid was used, the shape of the DTG curve was modified by an apparent weight
gain as shown in Figure I1I-21, just after the dehydration weight loss of portlandite and may
be due to an instrument drift. This was resolved by recalibration of the equipment. Other

cares were done using a bigger sample and systematically placing a lid over the sample.
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Figure ITI-21: TG curves with an apparent weight gain in case of problem of calibration

or contamination
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II1.3.5. REPEATABILITY AND REPRODUCIBILITY

A series of 8 different samples from the same specimen (Cement A hydrated for 2 days) were
acquired by TGA. As shown in Figure III-22, the results were repeatable with a very low

standard deviation value of 0.47%.

22

201
18
16
144
12
104

Portlandite content (%)

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8

Cement A hydrated for 2 days
Figure III-22: repeatability tests of Portlandite content from TGA measurements of

Cement A hydrated for 2 days

Some samples from B-S8 batch were sent to EMPA for independent checking. Taking into
account the errors, the values of portlandite were close except at 3 days. However, as shown
in Figure III-23, the experimental conditions could vary for one lab to another one,

particularly concerning the storage of samples (we kept under N, atmosphere).
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Figure III-23: Portlandite content in B-S8 pastes determined by TGA measurement in

two different laboratories
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II1.4. SCANNING ELECTRON MICROSCOPY

II1.}.1. PRINCIPLE

Scanning electron microscopy is one of the most useful technique to investigate the
microstructure of materials and has been extensively used to study both quantitatively and
qualitatively the microstructural evolution of cementitious materials during their hydration
[94,95,113-117|. The technique has many advantages, polished sections can be observed with
minimal disturbance of the microstructure.

The SEM samples were prepared as already described in Chapter II.

II1.4.2. IMAGE ANALYSIS

Backscattered electrons imaging is used to detect the contrast between areas with different
chemical compositions. These can be observed especially when the average atomic number of
the various regions is different. The heavier the sample atoms are, the more electrons are
backscattered, and the brighter the image will be. The yield, energy spectrum and depth of
escape of backscattered electrons are directly related to the average atomic number of the
considered phase or material, and/or its internal microporosity. This leads to a specific
contrast which allows phase discrimination on the basis of their brightness on the screen. In
the case of cementitious materials, depending on the acceleration voltage, the depth of

interaction volume from which BSE are detected is about 0.05-0.2 ym across.

Quantitative analysis by imaging is based on the principles of stereology which deals with
the interpretation of three-dimensional structures by means of their two-dimensional
sections. One of the oldest proofs in stereology shows that the volume percentage in 3D is
equal to the area percentage in a 2D surface.

The image analysis was carried out from the procedure developed in our lab by Gallucci,
based on the grey level histogram which is the frequency plot of its grey levels.

For a SEM-BSE image of a polished paste, porosity appears black, unhydrated grains bright,

portlandite light grey and C-S-H darker grey. A typical example of SEM-BSE image for
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hydrated paste and its corresponding grey level histogram is presented in Figures I11-24 and

ITI-25. A recent work detailed what causes differences of C-S-H gel grey levels in

backscattered electron images [118].

prorosity thydrates Vfanhydrous
C-5-H
Porosity
I I |}
0 50 100 150 200 255
Black ——— Grey level White
Light atoms «—— Atomic ber Heavy atoms
Figure III-24: SEM-BSE picture of Figure ITI-25: corresponding grey level
Cement A hydrated for 3 days histogram

For the SEM-IA, from 70 to 100 images for cementitious pastes (and 100 images for
mortars) were acquired at a nominal magnification of x800 (pixel size = 0.375 pm). As
further work [116], the anhydrous material was segmented by setting a threshold at the

minimum grey level between the peaks corresponding to anhydrous and hydrated phases.

To reduce the noise produced by imperfections in the image, some image processing such as
filtering (median), hole filling, etc. is applied. Once the phases are isolated, a quantitative
and qualitative analysis of the microstructure can be made. So the contrast between the
anhydrous grains and their surroundings is sufficient to allow quantification of their total
area and size distribution by image analysis, thus measuring directly the degree of hydration
of cement.

The challenge in this approach was to correctly discriminate anhydrous grains from Portland

cement, hydrated products, porosity and to measure their area fractions.
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II1.4.3. DEFINITION OF DEGREE OF HYDRATION OF CEMENT BY SEM-IA

The volume ratio between the anhydrous phase and the total volume of the cement paste
including porosity can be easily deduced from the SEM-IA results.

At time t=0, the volume fraction of the anhydrous phase is:

Vanhydrous (t = 0)

Equation 14
V. nhydrous (t = O) + Vwater (t = O)

Vfanhydrous (t = 0) =

al

Where:
1%

a

ahgirous(1=0): initial volume of cement;

Voaters(t=0): initial volume of water.

Then we considered that the total volume of the cement paste (including porosity) is

constant with time. Any error induced by this hypothesis is small compared to other sources

of errors.

The degree of hydration of cement is then defined as:

Vfanhydrous (t = 0) - Vfanhydrous (t>
VE  (t=0)

anhydrous

Cement
DHSEM (t) = Equation 15

Where:
Vohyirous(t=0): initial volume fraction of cement;

Vionyarous(t): vOlume fraction of cement at time t.
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II1.4.4. REPEATABILITY AND REPRODUCIBILITY

100 SEM-BSE pictures were recorded for 3 sets: two different batches of pictures from same
mix of Cement A and the third batch of pictures from a different mix (see Figure I1I-26).

The standard errors induced by acquisition showed that both the dispersion from an image
to another one inside the same set of pictures and the deviation between two different sets of

pictures are not significantly different and reveals a very low error (0.1%).

100
90+
80 1

70

—— Mix 1 set 1 of pictures

Degree of hydration of cement
from SEM-IA (%)

20__ —— Mix 1 set 2 of pictures

104 —— Mix 2 set 3 of pictures
0 T T L T T T L
0.0 1 10

Time (days)

Figure III-26: different degrees of hydration of cement from SEM-IA as a function of

different mixes
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III.5. ISOTHERMAL CALORIMETRY

IIl.5.1. PRINCIPLE

Calorimetry is one of the techniques used to follow the hydration process. As the reaction is
most of the time highly exothermic, it is possible to study its kinetics.

The advantage of this technique is that the hydration process can be followed continuously
at realistic water/cement ratios in situ without the need for drying and aims at giving an
indication of the overall rate of reaction while following the overall rate of heat evolution.
The typical rate of heat evolution for a hydrating cement shows several periods as shown in

Figure III-27.

Heat

evolutiing
I I om v \

“10m ~3h ~10h ~24h Time
I. Initial dissolution: early reaction of cement.

II. Induction: steady and slow reaction. The degree of hydration changes little.

ITI. Acceleration period: rapid precipitation of C-S-H and CH.

IV. Deceleration period.
V. Slow reaction period: in IV and V periods, the reaction happens mainly by diffusion through hydrate layer.

Figure III-27: rate of heat evolution during the hydration of cement

The disadvantage is that only the overall heat evolution can be measured which is the sum
of the heat evolved by all the reactions occurring at any particular time. Indeed, if
exothermic and endothermic reactions take place simultaneously the rate of heat output
could be negligible even when the rate of reaction is high. Therefore, calorimetry can only be

used as a global measure of the degree of hydration.
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II1.5.2. PROCEDURE

Cementitious pastes were examined at 20°C using an isothermal calorimeter TAM Air from
Thermometric Sweden.
It consists of 8 parallel twin type measurement channels maintained at a constant

temperature: one from the sample, the other for the reference vessel.

The reference vessel is used to reduce the signal to noise ratio and to correct measurement
and temperature artefacts. 20ml glass ampoules are used for both the sample and the
reference container. Heat is conducted from the sample to the reference sample (water with
same thermal mass) so hydration is effectively isothermal. The small temperature difference
between the hydrating cement and the reference is proportional to the rate of heat evolution
of the cement; this is measured by a thermocouple.

Each channel is independent from the other channels and was calibrated before any

experiments were made.

The thermal inertia is expressed by the time constant of a calorimeter which depends on two
parameters: the sample heat capacity and the heat transfer properties of the calorimeter.
The measured time constant has been used to correct the output signal (Tian correction) for

the thermal inertia of the calorimeter especially at very early ages as shown below:

dU
P(t) =& (U + TE) Equation 16

Where:

P(t): the thermal power produced in the sample (Watts);
U: the voltage output of the heat flow sensors (Volts);

e: the calibration factor (W/V);

z: the time constant of the calorimeter (s) which has been calculated to be 4 minutes.
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II1.5.3. OPTIMISATION OF EXPERIMENTAL CONDITIONS

Work made in our laboratory for the Nanocem Calorimetry Workshop Internal Project [119]
show some differences on heat evolution of pastes as a function of reference sample and also
as a function of quantity introduced in the glass ampoule.

Previous results were made with a glass ampoule completely filled up with cementitious

pastes (around 40 g) and without reference sample (empty cell).

The specific heat has to be well balanced which is particularly important at later ages. So
these studies use a reference with the same specific heat as the cement paste. We choose to
work with a deionized water reference ampoule and using the following law of mixture

equation, we calculated the corresponding specific heat for a paste [120]:

C paste _ Xwater Cwater + Xcement Ccement Equation 17
P p P

Where:

2""": mass fraction of water in paste;

"M mass fraction of cement in paste;

C,""": specific heat of water;

C, ™" specific heat of water.
Considering, the water-cement ratio of 04, C™"=4.18 J/(gK) [121] and

C,cm = 0.75 J/(g.K) (based on the measured values for tricalcium silicate and dicalcium

silicate [122]) we found a specific heat of cement paste of 1.75 J/(g.K).
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Figure III-28 shows the difference between the heat evolution of cementitious pastes with or
without new experimental conditions.

The experimental modifications lead to slight differences on the heat evolution of
cementitious pastes. There are some changes in intensity but the relative shapes of peak are

similar.

3,0
’ Cement A (new conditions)
— Cement B (new conditions)
E 2,54 Cement C (new conditions)
g 1 - ---Cement A
8 2,0 ----Cement B
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Time (hours)

Figure III-28: heat flow of 3 cements with different experimental conditions

So to improve the detection with the calorimeter sensors, the quantity of paste was reduced
to 15 g and to balance the specific heats, a 6,3 g glass ampoule of water was used as a
reference.

A special care was also taken concerning the quantity of paste used in the mixer. In the
following Figure III-29, 3 different quantities of paste were mixed and generated similar
global reaction, but with some shifts. We chose to work with 160 g of paste to provide all

the specimens for complementary analyses (XRD, SEM, TGA, chemical shrinkage).
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Figure ITI-29: heat release for 3 pastes mixed with 3 different quantities

II1.6. CHEMICAL SHRINKAGE

IIl.6.1. PRINCIPLE

The mechanism of chemical shrinkage is a rapid and convenient method for monitoring
hydration rates. This method is based on the fact that the volume occupied by the
hydration products is lower than that of the reactants. This is due to the fact that “water”

has a lower specific volume when bound to a solid than when free in a liquid as reflected in

the following equation:

Vcement(t = 0) + Vwater (t = 0) > Vhydrates (t) Equation 18

Where:
Veement (t=0): initial volume of cement;
Voaters(t=0): initial volume of water;

Vigarates(t): volume of hydrates at time t.
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The method chosen here is dilatometry based on the protocol developed by Geiker [123| and

optimised in our laboratory by Costoya [124] (see Figures III-30 and III-31).

<4— pipette

<4+——oil drop

L1111 1131 0@® 0
|||||||||.
L1111 1T @1 0

with a plastic lip
<4+——water

R k]
'gug’gd—cement paste

t=0 —— Hydration .

- H - - - <4———rubber stopper cover

Le Chatelier contraction

Figure III-30: schematic description of chemical shrinkage

Figure ITI-31: picture of the mounting of chemical shrinkage
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II1.6.2. EXPERIMENTAL CONDITIONS

The chemical shrinkage setup was designed at the Laboratory of Construction Materials and
it consists of a flask that contains the paste, on top of which a pipette is connected. As it
was previously found that the cylindrical flasks were found to work the best (compared to
erlenmeyer flask) [124] and were used for the remainder of the experiments. Cylinders used
for the experimentation had 2 cm height by 1 cm of diameter. The thickness of paste
introduced was kept constant in all measurements and equal to 1 cm (5 g of paste). The
paste was tapped in order avoid the presence of entrapped bubbles. Water was added
immediately to the top of the paste, taking special care to minimize mixing risking the
dilution of the paste.

Water is filled on top of the cement paste until it fills also the pipette. The system is sealed
at the interface between the pipette and the flask with rubber lids and on top of the pipette
with a coloured oil drop. This coloured oil drops are also used as tracers in the image
analysis of the pictures of the capillary taken with the webcam. The flasks are maintained in
a thermostatic bath at 20°C to avoid effects of heat release on volumetric changes of the
paste.

As the hydration proceeds and the paste shrinks, the level of water in the pipette decreases.
This level is monitored using a webcam connected to a computer that allows automated
acquisition every 5 minutes. To extract the level of water in the pipette, the pictures were
numerically processed with a control file of various pictures developed by Bishnoi at the
LMC.

Each curve presented is the average of a minimum of 3, but mostly 6, replicas of a cement

paste system.
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I11.7. COMPARISON OF ALL TECHNIQUES

II1.7.1. COMPARISON OF DEGREE OF HYDRATION OF CEMENT BY XRD AND

SEM

The definition of degree of hydration of cement can be different according to the technique
used but the degree of reaction of cement from XRD-Rietveld and SEM-IA are similar.

The results for the two techniques are compared in Figure I1I-32. The tendency of SEM-IA
to overestimate the degree of reaction of cement compare to XRD-Rietveld, could be linked
to a certain error on V(t=0) which could introduce systematic error coming from the

experimental mix design.
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Figure III-32: degree of hydration of cement with dilution effect from XRD-Rietveld

versus that from SEM-IA for 4 cements pastes

- 06 -



At 1 day, the degree of hydration of cement measured by XRD-Rietveld is significantly
higher than that by SEM-IA, for 4 cements.

Normally, the errors induced by SEM-TA at early ages could be explained by the assumption
that small anhydrous grains (inferior to 0.5 pm) are often not detected by SEM-IA.
Omission of these small grains will lead to overestimation of the degree of reaction of
cement. But here, it is the opposite case so XRD seems to overestimate the degree of
hydration of cement.

Globally, there is a reasonable agreement between two techniques (see Figures III-33 to

I11-35).
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Figure III-33: degree of hydration of Cement A with dilution effect from XRD versus

that from SEM-IA for all A systems
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II1.7.2. DEGREE OF HYDRATION OF CEMENT DEFINED BY CALORIMETRY

For Portland cement pastes, the following definition of degree of hydration of cement can be
deduced by calorimetric experiments:

DHC™™ Cumulative heat of hydration Equation 19

Calorimetry Q
pot

with Q. the potential heat of hydration liberated if all phases have reacted as it was
suggested by Taylor [5] using least squares regression analysis:

Where:

q,: enthalpy of hydration of the pure alite;

q,: enthalpy of hydration of the pure belite;

qy: enthalpy of hydration of the pure aluminate;

q,: enthalpy of hydration of the pure ferrite;

C;Swt%: weight percentage of C;S deduced by Rietveld analysis;
C.,Swt%: weight percentage of C,S deduced by Rietveld analysis;
C;Awt%: weight percentage of C;A deduced by Rietveld analysis;

C,AFwt%: weight percentage of C,AF deduced by Rietveld analysis.

- 99 -



The values for the enthalpy of reaction are given in literature [5] [125] and [126] as following:

Portlandite

Enthalpy
Reaction Equations
(kJ /mol)
Dissolution of C;S  C;S + (3-x+y)H — C.-S-H, + (3-x)CH -118
Dissolution of C,S  C,S + (2-x+y)H — C.-S-H, + (2-x)CH -45
C;A + CH + 12H —» C,AH,; -314
C;A + 6H — C,AH; -245
Exothermic
Dissolution of C;A  2C,A + C4A$,H,, + 4H — 3C,A$H,, (AFm) -238
reactions
C;A + 3CS$H, + 26H —» CyAS$;H,, (AFt) -452
C,A + 3C$H, + 10H - C,A$,H,, -309
Dissolution of C,AF (+ CH + H) »> C4(AF)H, -203
C,AF C,AF + 3 C$H, + 30H — C,A$,H,, + CH + FH, -352
Precipitation of CsS + (3-x+y)H — C-S-H, + (3-x)CH
30
Endothermic C-S-H C,S + (2-x+y)H — C-S-H, + (2-x)CH
reactions Precipitation of C;S + (3-x+y)H —» C.-S-H, + (3-x)CH
20
( ) (2-x)

CoS + (2-x+y)H - C-S-H, + (2-x)CH

Table III-4: enthalpy values for main reactions in cement

Taylor [5] noted that in principle, it should be possible to calculate the heat of hydration

from the quantitative phase compositions of the unreacted mix and of the paste using

standard enthalpies of formation. However, the reaction speed and the enthalpy are very

different as a function of the reactions taken into account, particularly for aluminate phase.

So it is not actually possible to dissociate the contribution of each reaction with good

accuracy and to quantify them.

At this time, the degree of hydration of cement from isothermal calorimetry cannot be

compared with the one from XRD-Rietveld and SEM-IA, so it is not used in this project.
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II1.8. CONCLUSIONS AND DISCUSSIONS ON HYDRATED

CEMENTITIOUS MATERIALS

For XRD, a control file was made for each different system with all the crystalline phase
previously identified and the incorporation of improved existing structure models was used
(like the recent ettringite structure [107]).

The amorphous content was calculated using the external standard method.

To simulate the actual system, the raw Rietveld output were corrected by dilution effect the
reproducibility of the quantification was checked.

The amount of phases deduced from Rietveld analysis shows good general agreement with
other results from TGA and SEM-IA techniques. It provides the clinker reactivity as a
function of the different systems of our study, all the graphs on the evolution of clinker
phases are given in the last part of this chapter and lead to the following conclusions:

» As it was previously found [5], gypsum and other calcium sulfate phases are
usually no longer detectable after 1 day.

» The clinker phases were consumed at differing rates: alite and aluminate phases
reacted quickly in the first 7 days of hydration compared to belite and ferrite phases. For all
systems, if we compared cements in one hand and blended pastes on the other hand, we
clearly see that the alite contents were significantly different before 7 days with respect of
the order of initial contents. Indeed, the alite content in Cement A systems were always
higher than respectively the one in Cement C and B systems. After 7 days of hydration, the
rate of reaction of alite was not significantly different from one type of paste to another one.
After 6 months of hydration, little alite is detectable.

» As expected, the belite phase reacted slowly compared to alite phase but there
was a delay of the hydration of belite until around 14 days for all the systems. As for alite
contents, until 6 months, the hydration of belite respected the initial order of the belite
proportion: A>B>C. At this time, the determination of C,S is less precise because the

amorphous signal and C,S peaks are in the same area in the XRD pattern.
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» The Rietveld refinement software allows to refine C;A even if the quantity is low.
However, when C;A content was lower than 1 wt%, it was not enough significant to be
refined. Regarding the very fast C;A hydration, the order of the initial contents was
preserved (C>B>A) for all the systems from 12 hours to 14 days.

= (Considering the ferrite phase, there was a fast hydration in the first 7 days with
ferrite contents from B pastes always higher than in C pastes, with respect of their initial
ferrite content. This is in agreement with previous work made by Taylor [5] which observed
that the rate of reaction of the ferrite decreases with the Fe/Al ratio. After 7 days, there
was no main difference for blended pastes whereas in the case of cements Cement B still had

the higher ferrite content.

Figures I1I-36 to III-47 show the content of the clinker phases from XRD-Rietveld as a

function of type of cementitious systems (pure or blended systems).

The XRD-Rietveld refinement reveals different points which could be more investigated:

= The incorporation of new structure models, for calcium hemicarboaluminate, in
control file.

* Find a solution to differentiate the calcite contribution to the one of C-S-H.
Indeed, a comparison of the different amount of cement phases deduced by Rietveld analysis

with the thermodynamic modeling predictions [127] could be helpful.

Furthermore, the experimental procedures were detailed for calorimetry and chemical

shrinkage which will be some of the useful techniques used to isolate the contribution of slag

(as described in Chapter V).
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CHAPTER 1V: HOW THE SLAG AFFECTS

THE REACTION OF CEMENT?

After studying the different techniques used to follow the hydration of cementitious
materials in the previous chapter, this chapter presents the effect of slag on the reaction of
cement with the following outline:

» First, the heat released from calorimetry curves gives a general idea of the overall
pattern of reaction and particularly shows significant changes in the reaction of the
aluminate phases from blended systems as compared to pure systems.

= Effect of slag on silicate phases is presented.

* The influence of slag on the aluminates phases is analysed in more detailed.

» The effect of slag on the ferrite and belite phases, and on the overall degree of
reaction of cement is presented.

*» Finally, the impact of slag on the evolution of portlandite and C-S-H is
highlighted.

IV.1. INFLUENCE OF SLAG ON HEAT RELEASED

The influence of slags on the hydration of blended pastes can be studied using isothermal
calorimetry.

Partial replacement of cement with slag changes both the rate of heat evolution and the
total amount of heat evolved.

In this section, the isothermal calorimetry has been used in order to assess the overall effect

of adding slag in blended pastes, on the rate and total heat of hydration at 20°C.
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Figures IV-2 to IV-4 illustrate the heat evolution of the cementitious pastes: pure cement
pastes, reference pastes blended with quartz and also cementitious pastes of blends with the
two slags. In order to isolate the slag contribution, with the consideration that it did not

react so much at early ages, all the heat curves are normalised by the weight of cement.

The reactions associated with each part of the isothermal calorimetry curves are detailed
below.

Calorimetry data clearly shows the different influence of slag addition on cement hydration,
depending on the cements used in the blend.

It could be noted here that quartz inert filler was used with a similar particle size

distribution compare to OPC and slags powders (see Figure IV-1).
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Figure I'V-1: particle size distribution of cements, slags and quartz obtained with

Malvern mastersizer laser granulometer
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The peak I is associated with dissolution: heat of wetting of the cement, hydration of free
lime, hydration of calcium sulfate hemihydrate and the formation of ettringite primarily
from the aluminate phases.

After the initial peak, an induction period (II) occurs during which the heat output
significantly decreases.

After this induction period, a sudden increase in the rate of heat output occurs resulting in
peak III which is generally believed to be primarily the result of alite hydration and the
production of calcium hydroxide and C-S-H gel. The setting of the paste occurs before the
maximum of peak III.

In the case of blended pastes, there was generally a slight retardation of peak III. In
addition, this peak III had a shoulder for systems A and B and it was even a double peak for
systems C. This double peak was also found in previous studies [82,112,128-134] when slag

was used as a substitution for cement.

The XRD-Rietveld refinement at 12 hours for pastes blended with Cement A and B and the
refinement at 24 hours for pastes blended with Cement C reveal the presence of ettringite
but not AFm. So the second peaks are probably due to the formation of ettringite, as
suggested previously [131] and not due to AFm as has been also proposed [135].

In the case of pure systems with Cement A and C, the peak IV is thought to be the result of

reaction of C;A with AFt to AFm transformation as it was previously found [136,137].

I1V.2. EFFECT OF SLAG ON SILICATE PHASES

The calorimetry curves indicate a slight acceleration and enhancement of the silicate
reaction for the slags with Cement A, but a slight retardation and suppression with Cement
B and C. However, the XRD results do not show any clear difference in the alite
consumption when the errors of the technique are taken into account (see Figures IV-5 to

V-7).
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IV.3. CONTRIBUTION OF SLAG ON ALUMINATE PHASES

The calorimetry curves showed a strong effect of the slag, there was an impact of filler on
aluminate hydration even with inert powders as shown in the following figure. So an impact
of filler contribution of slag can be identified on aluminate hydration which justifies a
further investigation on effect of slag on aluminate phases.

On the peak attributed to the reaction of the aluminate phases, it might be thought that the
slag itself makes a contribution to this reaction. However, previous work in our group [138]

has shown similar effects with additions of inert material (Figure IV-8).
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Figure IV-8: rate of heat release of pastes with cement blended with different kinds of

filler [138]

IV.3.1. XRD DATA

In Cement A systems, reaction of C;A phases was exhausted after one day of hydration both
with and without slag (see Figures IV-9 to IV-11).

For all systems, slags did not have a strong influence on hydration of C;A phases and taking
into account the low content of C;A and the corresponding error, it was difficult to highlight

any relevant difference between blended paste and corresponding pure pastes.
We can note that the influence of slag on C;A was not strong as in the case of Fernandez’s

thesis [139] where pozzolan was used but here the slag is coarser than the pozzolan used by

Fernandez (dj, of S1=20 pm and d;, of S8=15 pm against dj, of pozzolan< 10 pm).
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IV.3.2. EFFECT OF SLAG ON PEAKS III AND IV ASSOCIATED WITH ALUMINATES

It was clear that slag had a drastic effect on peaks III and IV associated with the aluminate
reaction. Further investigations were made to determine if slag itself reacted.

The association of the peak III with aluminate reaction was previously highlighted by
Richardson [131] using additional gypsum to show how its position varies.

In this study, progressive gypsum additions were used and a separation method was
optimised to separate the contributions of silicate and aluminate in cement and blended
systems.

In order to avoid possible ageing effect, all isothermal calorimetry curves for a given system

were acquired at the same time.

IV.3.3. SEPARATION TREATMENT TO ISOLATE ALUMINATE REACTION

First for each given system, calorimetry measurements were made for 4 additions of gypsum
as shown as example for B-S1 systems in Figure IV-12.
We should note than in this section, when there is percentage of gypsum it corresponds to

additional gypsum.

— B-S1
— B-S1-1% Gypsum

— B-S1-3% Gypsum
— B-S1-4% Gypsum

Normalised heat
(mW.g " of cement)
[\
<

T T T T T T T T T T
0 20 40 60 80 100 120
Time (hours)

Figure IV-12: normalised heat evolution profiles for B-S1 blended pastes plus varying
additional gypsum contents

From this series of curves a reference for the shape of the silicate peak could be extracted.
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Then, as illustrated in Figure IV-13, a subtraction was made between the representative

curve of contribution of silicate phases and the normalised heat curves with different gypsum

contents. The resulting curves for B-S1 systems are given in Figure IV-14.
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Figure IV-13: illustration of contribution of silicate and aluminate phases
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Figure IV-14: difference of normalised heat evolution for B-S1 blended pastes plus

varying additional gypsum contents
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In this case, the 0% additional gypsum system exhibits a significantly different behaviour
than those systems with the higher contents of gypsum.
The next step of the separation treatment was to do an affine transformation, which consists

of a linear transformation followed by a translation, with two main hypotheses:

1** hypothesis: The gypsum additions were supposed to affect only the kinetics which led to
a delay of each peak to shift the reference position according to the following equation:

t'i = a(ti — to) Equation 21

Where:

t’:: transformed time;

a: kinetics factor;

t;: time for a given i point;

ty: delay.

The choice of the reference curve for the shift in time was done for a curve where the peaks
were well defined. In the case of B-S1 the heat curve with 1% gypsum was used as the

reference because the two peaks were well separated (see resulting curves in Figure IV-15).
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Figure IV-15: difference of normalised heat evolution rescaled on time for B-S1 blended

pastes plus varying additional gypsum contents
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2"! hypothesis: As the main point of interest was the amount of reaction represented by this

peak, it was important to keep a constant area under the curve. The resulting heat

transformed is given by the following equation:

Q' (t) = _Q(t) Equation 22

Where:
Q’(t): transformed heat at time t;

Q(t): heat at time t;

1
Ay: area of reference peak which formula is A, = EZ(QHI +Q,) (t,, —t);

o

A: area of transformed peak which formula is A = %Z(QM +Q,) (t,, —t,)-

o

In some cases the aluminate contribution clearly consisted of two peaks. When the first
peaks were aligned the second peaks were misaligned. These second peaks were also very

sensitive to the subtraction of the silicate contribution.
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It is important to note that the heat signature of the affine transformation was kept

constant and the resulting peaks can be thus compared (see Figure IV-16).
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Figure IV-16: modified heat evolution rescaled on time for B-S1 blended pastes plus

varying additional gypsum contents

It was observed that the impact of additional gypsum appeared to be very different on
aluminate reaction in the systems containing Cement A compared to the ones with Cement
B and C.

For Cement A (white cement), it was found that the addition of gypsum changed the shape
of the curve not only concerning the contribution of aluminate phases but also regarding the
contribution of silicate phases, as shown in Figures IV-17 to IV-19. Thus, it was not possible
to apply the separation treatment for Cement A systems.

The initial and resulting curves for the systems B and C are shown in

Figures 1V-20 to IV-25.
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IV.3.3.a. Quantification of first peak from separation

To quantify the reaction of aluminate in initial systems (without additional gypsum), the
areas under the first aluminate peaks were calculated for all the systems (see Figures IV-26

and TV-27).

Assuming that all C;A is dissolved and AFt is precipitated, we used the following
relationship to evaluate the enthalpy of aluminate reaction:

AHreactiOn: AHdissolution of (13A+AHformati0n of AFt — '160_320: '480 kJ.mol’l Equat’ion 23

The area under the peak is then divided by this value and the corresponding results are

given in Table IV-1.

C;A content from

separation % of reacted C3A
(mmol/g of cement)
B 3.3 77-85%
B-S1 3.8 65-74%
B-S8 3.9 86-94%
C 5.3 77-82%
C-S1 5.1 74-78%
C-S8 4.4 76-82%

Table IV-1: results from separation treatment for systems B and C without additional

gypsum
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Regarding the results and keeping in mind the possible error on the quantification of the
area of the first peak, the range of resulting aluminate were not significantly different in
blended paste compared to pure pastes. So there was no evidence of slag itself reacting and

the effect of slag on aluminate phases can be only attributed to a filler effect.
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Figure IV-26: all resulting B curves from separation treatment
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Figure IV-27: all resulting C curves from separation treatment
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IV.3.3.b. Second peak from separation treatment

Particular care to the second peak should be taken because it could be very affected by the
choice of the silicate contribution.

This second peak or shoulder from separation treatment could be identified as reaction of
AFm phases.

The raw calorimetry curves of A and C pure system showed a peak (called IV) which was
attributed to monosulfoaluminate reaction just around 60 hours of reaction. In this way,
calcium hemicarboaluminate and monocarboaluminate could be some possible AFm phases
corresponding to the second peak of aluminate. But there is no evidence of that and it could
be some monosulfate. The corresponding XRD patterns did not show any peaks
corresponding to AFm phases at early ages which indicate a very low content if they are

present.

IV.4. INFLUENCE OF SLAG ON BELITE PHASE

The following figures (Figures IV-28 to IV-30) show the evolution of belite phase in the
different reference and blended systems. At early age, for all systems there was just a little
reaction of belite.

The substitution of cement by both slags seems to result in a delay in the hydration of belite
in the first days, contrary to previous work [130], which claimed that slag accelerated the
rate of hydration of belite. This was more marked influence on Cements A and B systems
but also evident in the case of Cement C systems.

Comparing the effect of the two slags, in all systems, the belite of Slag 1 pastes always

appeared to react faster than the one of Slag 8 pastes.
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IV.5. INFLUENCE OF SLAG ON FERRITE PHASE

The trends of slag on ferrite phase are reproducible and similar for systems with Cement B

and C (there was no ferrite in Cement A because it is a white cement).

The slags seem to favour the hydration of the ferrite phase as shown in Figures IV-32 and

VI-33.

There was first a slight decrease of the ferrite phase in XRD pattern and this decrease was

strongly accentuated between 12 hours and 3 days as shown in Figure IV-31.

- 124 -

. "\ B-S8 6m
M B-S8 90d

“ _ /| ,DB-S814d

12 12.5
Position [°20] CuKa

Figure IV-31: evolution of ferrite content in cementitious B-S8 systems



I

Ferrite in 100% B
Ferrite in 60% B-40% S1
—— Ferrite in 60% B-40% S8

W~
L 1

—
L

Ferrite content normalised
by weight of cement (%)

0 /e UL LAY | T '7"""7'| T
0.0 1 10 100

Time (days)

Figure IV-32: evolution of ferrite content in cementitious B systems

14 —,

g | Ferrite in 100% C
o)
2 § 12 Ferrite in 60% C-40% S1
8 o 1 Ferrite in 60% C-40% S8
g =
o QO 104
S g i
o
2 e O
o O 1
E 6

b= i
S |

19
£ 5 4
S 4

>
o2 ]
=

1) b/ e R R
0.0 1 10 100

Time (days)

Figure IV-33: evolution of ferrite content in cementitious C systems

- 125 -



The significant reaction of ferrite phase shown by XRD patterns was also identified by SEM-
SEM-BSE examination.

Figure 1V-34 shows the microstructure of B-S8 paste hydrated for 1 day in which ferrite
phase is significantly present whereas in B-S8 paste hydrated for 7 days, the ferrite phase is

clearly consumed as shown in Figure IV-35.

Remaining
ferrite phase

Figure IV-35: SEM-BSE microstructure of B-S8 paste hydrated for 7 days
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IV.6. INFLUENCE OF SLAG ON THE DEGREE OF REACTION OF

CEMENT

In this part, the degrees of reaction of cement were quantified by SEM-IA and XRD-
Rietveld. As discussed in Chapter III, the corrected Rietveld analysis takes into account the

dilution effect.

From XRD-Rietveld refinement and SEM-IA, the degree of reaction of cement did not seem
to be strongly affected by the slag (see Figures IV-36 to IV-41). However, regarding the
results at 2 years, the cements from pure pastes were always more hydrated than the one
from blended pastes. In addition, the cements included in systems blends with Slag 8 seemed

reacting slower than the ones in systems blends with Slag 1.

Because the evolution of alite did not reveal any significant difference between pure and
blended pastes, the trends of degree of reaction of cement could be directly linked to the
evolution of belite. Indeed, the reaction of belite was always faster in pure pastes than in
blended pastes and the blended pastes with Slag 8 also appeared to react slower than the

one with Slag 1.
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IV.7. INFLUENCE OF SLAG ON PORTLANDITE

IV.7.1. STATE OF THE ART ON PORTLANDITE CONTENT IN SLAG SYSTEMS

Assuming that there is a pozzolanic reaction, the portlandite content in blended paste was
often claimed to be an indicator of the reactivity of slag in blendes pastes. However, even if
the C/S ratio in slag is a bit different than that found in pure OPC paste, it is still in the
range of C/S of C-S-H and slags are usually considered mainly latently hydraulic rather than

pozzolanic.

An overview of the previous work reveals confused trends due to high errors (see
Figure 1V-42):

* In previous studies [77,140] a decline in portlandite evolution has been shown.
However, taking into account the low value and the errors, this conclusion is questionable.

* In another study, Luke [141] showed the portlandite content passing though a
maximum followed by a continuous decrease. As an explanation, their values must be
normalised to cement content, otherwise they were too high to be relevant. Taylor [56]
mentioned that this is observed when slag is used at 60% replacement levels. However, there
was no information about the standard deviation on each value and the decline is
insignificant.

* Finally, the portlandite content is stable or increases, several works [142-144]

clearly saw that there was no obvious decrease of portlandite.

- 129 -



= | —m— 50% slag by extraction method [140]
é 928 - —m— 40% slag by TGA [142]
- )} —u— 40% slag by XRD [143]
S oud —m— 40% slag by TGA [144]
=
g 20 —u— 50% slag by DTA [77]
&)
Q 1 " \.
= 16 D
o] ]
= 12- . i
S 8 !//
Q-' " .//\I
A{w/m—n———— g m——— &
1/ \.
0 = T T T T T T T T T T T // T T T T T
0 5 10 15 20 25 200 400 600

Time (days)

Figure IV-42: variation of portlandite with time [77,140-144]

Considering all these studies, none of the techniques have a precision of more than 2%, even
XRD with Rietveld refinement shows significant error margins.

So the close examination of the experimental methods and accuracy of previous
investigations provides little evidence of any significant decrease of calcium hydroxide
content with hydration time. The decrease in portlandite content with time cannot be taken

as an indicator of slag reactivity.

IV.7.2. PORTLANDITE CONTENT OF BLENDS FROM TGA AND XRD

Figures 1V-43 to IV-45 illustrate the portlandite average content from XRD and TGA

normalised by cement weight (in blended pastes there is only 60 wt% of cement).

It was evident from our data that the portlandite content of blended pastes decreased very

slightly and between 7 and 90 days, it remained almost constant. It suggested that the

portlandite demand of our hydrating slag pastes was quite modest.
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IV.8. INFLUENCE OF SLAG ON THE COMPOSITION OF C-S-H AND

OTHER HYDRATES

The main phases present in a slag hydrated blended paste have been reported as C-S-H,
Ca(OH),, sulfoaluminate phases AFt, AFm and hydroltacite like phase. Considering the
oxides present in slag, the following scheme (Figure IV-46) summarises the hydration

products which can form.

CaO , C-S-H

AFm

AFt

MgO

Hydrotalcite

Figure IV-46: scheme to summarise how to assess phases from the oxides of slag

In the case of blended pastes with slag, there were typical hydrates rims generating around

the slag grain as shown in Figure IV-47.

Rims due to

hydration of slag Anhydrous slag grain

Figure IV-47: SEM-BSE picture of Cement C-Slag 8 hydrated for 90 days
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With the addition of the slag, only minor differences in the microstructure between the three
cement systems were evident at different ages. However, the comparison between the
microstructure of blended pastes and the one of corresponding reference pastes clearly shown

the contribution of slag in the evolution of hydration.

The following SEM-BSE pictures illustrate the differences of B pastes with B-S1 pastes for
three given ages (it can be noted that the following comments on the microstructural
development of blended pastes compare to pure pastes are also available for Cements A
and C).

At 7 days, the inner C-S-H can be observed in around cement grains whereas nothing is

relevant around the slag in blended samples (see Figures IV-48 and IV-49).

At 28 days, there was less anhydrous cement left and larger rims of slag in the blended
sample as compared to the pure paste. For both samples, the microstructure is clearly

densified by the hydration products (see Figures IV-50 and IV-51).

At 2 years, the reaction of slag is evident not only with large reacted rims around the slag
grain but also with relicts of slag. In both cementitious pastes, in the cement grain, almost
all the alite phases were reacted which generated a wide rim of inner C-S-H and mainly

grains of belite were remaining (see Figures IV-52 and IV-53).
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Figure IV-48: SEM-BSE microstructure Figure IV-49: SEM-BSE microstructure

of B pastes hydrated for 7 days of B-S1 pastes hydrated for 7 days

Figure IV-50: SEM-BSE microstructure Figure I'V-51: SEM-BSE microstructure

of B pastes hydrated for 90 days of B-S1 pastes hydrated for 90 days

| |
L ad . i 20.0 pm B

Figure IV-52: SEM-BSE microstructure Figure IV-53: SEM-BSE microstructure

of B pastes hydrated for 2 years of B-S1 pastes hydrated for 2 years
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IvV.8.1. C-S-H

The chemical composition of C-S-H in the various pastes hydrated for 28 days were
established with EDS. For each type of C-S-H, 200 analyses were made (see an example

Figure IV-54).

+ Inner C-S-H -+ Outer C-S-H

- . : o~ e
. , S I\ b 4

o

] 20.0 pm |8

Figure I'V-54: example of regions of inner and outer C-S-H in Cement C 28 days paste

The results from EDS measurements were examined in terms of element ratios because of
the complexity of the spectra such as intermixing of the phases or inhomogeneties.

As shown in Figures IV-55 and IV-56, the EDS points not only include inner or outer C-S-H,
but also some other phases which came from the excited volume in EDS analysis (about 1
pum’) or a mixing between C-S-H and some other phases like ettringite, AFm, portlandite,
and phases high in magnesium in case of blended pastes.

Microanalyses were taken at locations where the inner C-S-H was thick enough to minimize

the contribution of adjacent phases.
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To select the C-S-H composition, different ratios were taken into account (Al/Ca versus
Si/Ca and S/Ca versus Al/Ca) in order to remove the values which correspond to AFm,
AFt, CH and the resulting mixture with C-S-H. Thus, the plots kept for inner C-S-H were
the circles indicating the actual range and for the outer C-S-H, the values mixed with AFm
and CH were removed.

So all major atomic ratios were considered in selecting the points most representative of

C-S-H with minimal intermixing of secondary phases.
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Figure I'V-55: Al/Ca ratio plotted against Si/Ca atom ratio for individual X-ray

microanalyses of Cement A hydrated for 28 days
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Figure I'V-56: S/Ca ratio plotted against Al/Ca atom ratio for individual X-ray

microanalyses of Cement A hydrated for 28 days
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IV.8.1.a. Comparison for one given age-at 28 days

In the silicate chains of C-S-H, Aluminium can substitute for silicon [145]. So instead of the

Ca/Si ratio, the Ca/(Si+Al) ratio is shown for the 9 cementitious pastes (see Figure IV-57).

22T B O O s
2.0
1.8—-
1.6
1.4
1.2—-
1.0
0.8—-

in C-S-H at 28 days

0.6

Ca/(Si+Al) atomic ratio

0.4
0.2

0.0
A B C A-S1B-S1 C-S1 A-S8 B-S8 C-S8

Figure IV-57: mean of Ca/(Si+Al) atomic ratio in inner and outer C-S-H of different

cementitious pastes hydrated for 28 days

The mean Ca/(Si+Al) atomic ratio of the C-S-H in blended pastes is lower than that found
in cement pastes as noted in previous studies [144,146]. For cement pastes, the Ca/(Si+Al)
atomic ratios are very similar at a value around 1.9-2.0 in contrast to the lower ratios for
blended pastes (around 1.55) due to the low Ca/(Si+Al) ratio of slag respectively 0.94 for

Slag 1 and 0.97 for Slag 8.

Comparing the inner and outer C-S-H, there is no significant difference in Ca/(Si+Al)

atomic ratio. This indicates homogenisation of C/S ratios throughout the C-S-H.
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Figure IV-58 shows the average of Al/Ca ratio in inner and outer C-S-H for the 9

cementitious pastes.

0.18
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Figure IV-58: mean of Al/Ca atomic ratio in inner and outer C-S-H of different

cementitious pastes hydrated for 28 days

With both slags a significant increase in the aluminium content of both inner and outer
C-S-H is observed in blended pastes as compared to pure pastes with a high range in the
outer C-S-H.

The fact that the Al/Ca atomic ratios are systematically higher in outer than in inner C-S-H

can be explained by the presence of more intermixed phases in the outer products.

The higher Al/Ca ratios with Slag 8 is clearly linked to the high initial content of aluminium

from this slag as compared to Slag 1.

The Al/Ca ratios do not seems to be significantly affected by the type of cement.
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Some others minor elements were found in the C-S-H analyses such as potassium, iron,
magnesium and sulphur, this last element is reported to be absorbed by C-S-H [147].
Figure IV-59 shows the average of S/Ca ratio in inner and outer C-S-H for the 9

cementitious pastes.
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Figure IV-59: mean of S/Ca atomic ratio in inner and outer C-S-H of different

cementitious pastes hydrated for 28 days

Due to the low content of sulphur, fairly large errors are observed. The errors correspond to

a statistical dispersion which is not the accurate representation of error.
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Even if the S/Ca ratio is very small compared to Ca/(Si+Al) ratio, sulphur absorption
seems to change between the systems.

The blended pastes with Slag 8 had systematically lower S/Ca atomic ratio compared to the
one with Slag 1. It could be explained by consumption of sulphur by other hydrates such as

AFm phases in the case of pastes blended with Slag 8.

The quantity of sulphur in C-S-H from pastes composed of Cement B is higher than the
other pure cementitious pastes. It should be noted that the alkali content of Cement B is the
highest (Nay0.,,=1.14) and in the presence of alkalis, the solubility of ettringite increases,
which in turn increases amount of sulphur in solution and can be absorbed by C-S-H [148].
For systems A, the S/Ca ratios appear unaffected by the addition of slag.

For systems B and C, the S/Ca ratios were clearly decreased in C-S-H of blended pastes
compared to pure pastes. It could be linked to the dilution of cement in blended pastes

compared to the ones of pure pastes.
It is seen that the addition of slag can lower the amount of sulphur absorbed on the C-S-H

this may be due to changes in alkali concentration or to the formation of more

sulfoaluminate hydrates.
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IV.8.1.b. Comparison of different systems as a function of time

The evolution of in the composition of the C-S-H with time is presented in the following

section (see Figures IV-60 to IV-65 where Ip are inner products and Op outer produts).

Ca/(Si+Al) atomic ratio

First, the substitution with slag induced a significant decrease of Ca/(Si+Al) atomic ratio in
both inner and outer C-S-H compared to pure pastes.

In addition, the Ca/(Si+Al) atomic ratios in C-S-H of blended pastes clearly show a distinct
decrease at early ages compared to Ca/(Si+Al) atomic ratios in C-S-H of pure pastes. This
could be explained by a type of pozzolanic reaction not in the sense of portlandite

consumption but in the way of consumption of ions coming from C-S-H.

In the case of both inner and outer C-S-H of systems blended with Slag 8, the Ca/(Si+Al)
atomic ratios are always slightly lower than in the C-S-H from pastes blended with Slag 1.
This could be due to the higher reactivity of Slag 8 compared to Slag 1 or to the influence of

other ions in the system.

Al/Ca atomic ratio
First, compared to pure pastes, the substitution with slag led to a significant increase of

Aluminuim in the composition of inner and outer C-S-H.

For the 3 different cementitious systems, C-S-H in the pastes blended with Slag 8 had
always a higher Al/Ca ratio than the one in the pastes blended with Slag 1. This
phenomenom can be explained by the initial Al/Ca ratio in slag which is much higher in

Slag 8 that Slag 1 (0.31 in Slag 1 and 0.62 in Slag 8).

There is little evolution in composition after 28 days even when more slag is reacted.
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Figure IV-60: Ca/(Si+Al) atomic ratios in C-S-H for systems A
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Figure IV-61: Ca/(Si+Al) atomic ratios in C-S-H for systems B
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Figure IV-62: Ca/(Si+Al) atomic ratios in C-S-H for systems C
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IV.8.1.c. Comparison of SEM analyses with TEM analyses

Comparative EDS analyses were done on a selection of samples using TEM by Liu and

Richardson from University of Leeds.

The TEM-EDS results always underestimated the ratio as compared to SEM-EDS results.

The differences can be explained by the fact that the SEM-EDS analyses will be more likely

to contain some contributions from other phases intermixed at the submicronic scale (for

instance CH, AFt and AFm).

However, as shown in the following tables (Tables IV-2 and IV-3), considering the standard

deviation, except in the case of A-S8 hydrated for 7 days, there is a good agreement between

both techniques, as it was also previously found [112].

TEM
SEM Difference
Number
Number ¢ Number between
o
of Ca/Si SD locted of total Ca/Si SD TEM and
selecte
analyses . points SEM
points
AT7d Inner C-S-H 32 1.73  0.05 65 191 2.00 0.05 0.27
Outer C-S-H 34 1.92  0.20 66 221 2.00 0.04 0.08
A-S1 7d Inner C-S-H 15 1.70 0.13 52 248 1.90  0.03 0.20
Outer C-S-H 9 1.86 0.21 41 268 1.86  0.03 0.00
A-S8 7d Inner C-S-H 14 1.48 0.09 5 194 1.88  0.04 0.40
Outer C-S-H 27 1.52  0.14 75 212 1.89  0.04 0.37
B-S1 7d Inner C-S-H 8 1.65 0.02 Inner C-S-H were not large enough
Outer C-S-H 23 1.73  0.09 53 231 1.88  0.04 0.15
A-S8 28d Inner C-S-H 15 1.46 0.07 25 197 1.75  0.03 0.29
Outer C-S-H 35 1.52  0.08 79 226 1.77  0.04 0.26

Table IV-2: comparative Ca/Si results from TEM and SEM EDS analyses
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TEM SEM

Difference
Number
Number c Number between
of Al/Si SD 10 tod of total Al/Si SD TEM and
analyses 5¢ e.c © points SEM
points
AT7d Inner C-S-H 32 0.11  0.02 65 191 0.08 0.01 0.03
Outer C-S-H 34 0.11  0.04 66 221 0.08 0.01 0.02
A-S1 7d Inner C-S-H 15 0.08 0.02 52 248 0.11  0.01 0.03
Outer C-S-H 9 0.12 0.03 41 268 0.13  0.02 0.00
A-S8 7d Inner C-S-H 14 0.14 0.03 75 194 0.12 0.02 0.01
Outer C-S-H 27 0.14 0.02 75 212 0.14  0.02 0.00
B-S1 7d Inner C-S-H 8 0.11 0.01 Inner C-S-H were not large enough
Outer C-S-H 23 0.12 0.02 53 231 0.14 0.03 0.02
A-S8 28d Inner C-S-H 15 0.15 0.02 25 197 0.20 0.02 0.05
Outer C-S-H 35 0.16 0.02 79 226 0.20 0.02 0.04

Table IV-3: comparative Al/Si results from TEM and SEM EDS analyses

IV.8.1.d. Comparison with literature results

X-ray microanalysis studies [58,77,149-154] have shown that the C-S-H in blended pastes
had a Ca/Si ratio lower than that found in pure OPC paste (see Table IV-4).
It is consistent with our results which showed that the Ca/Si ratios of C-S-H in pure cement

are around 2 against 1.8-1.7 in blended pastes.

Outer C-S-H
References Si/Ca Al/Ca Mg/Ca Mix composition Remarks
EMPA
- _ 07 & I
Uchikawa, 0.62 0.44 60%cement-40%slag 4 years, 20°C, W /C—0.4
1986 [59] A EMPA,
0.49 0.06 - 100%cement . )
| years, 20°C, W/C=0.4
SEM-EDS
- _ 0 )
Harrison et al., 0.56 0.06 60%cement-40%slag 98 days, 25°C
1987 [144] o 5 SEM-EDS,
0.50-0.53 - 100%cement
28 days, 25°C
Barker, EMPA,

0.57 £ 0.07 0.06+0.03 0.03+0.02 50 £-50%slag
1989 [155] Yocement-50%slag g 1 ogec, W/C=0.5

Richardson et al, 6,1 006 0.08+002 0.08+0.04 70%cement-30%s! SDE-SEA
2002 [156] ' ' ' ' ' ' ocement-ot/siag 32 days, 35°C

Table IV-4: composition of C-S-H in blended cements [59,144,155,156]
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IV.8.2. SLAG HYDRATION RIMS

Slag rims are characterized by a high Magnesium concentration, due to the low mobility of
magnesium ions in the alkaline pore solution. MgO is incorporated in a hydrotalcite-like
product [151] that exists as an intimate microscale mixture with C-S-H gel.

The composition of the hydrotalcite phase in the slag hydrates can be determined by
plotting the Mg/Ca ratio against the Al/Ca ratio from EDS analyses [144], as shown in

Figure IV-66.

1.0
Mg/Ca = 2.1427 Al/Ca - 0.1423 A
0.8 R’ = 0.9631 A
]
O 06
~
o0
= 047 A Rims of slag
° er C-S-
0.2 Outer C-S-H
o Inner C-S-H
0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Al/Ca

Figure IV-66: X-ray microanalyses of A-S1 pastes hydrated for 90 days, Mg/Ca atomic

ratio versus Al/Ca atomic ratio

Table IV-5 summarises the Mg/Al atomic ratios found in blended pastes.

This ratio varied around 2 which corresponded to the Mg/Al ratio of hydrotalcite probably a
bit mixed with C-S-H.

For Slag 1 the Mg/Al ratio seems to be around 2.1 whereas it is a bit lower in Slag 8

(around 1.8).

Mg/Al atomic ratio in rim and relicts of slag from
SEM-EDX analysis

28 days 90 days 1 year 2 years
A-S1 2.0 2.1 1.9 1.8
B-S1 2.0 2.2 2.2 2.2
C-S1 2.0 1.8 2.2 2.0
A-S8 1.9 (1.86 from TEM) 1.7 1.9 1.7
B-S8 1.7 1.8 1.8 2.0
C-S8 1.7 1.7 1.8 1.8

Table IV-5: Mg/Al atomic ratio in rim and relicts of slag from SEM-EDS analyses
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A number of previous investigations [56,58,63,129,157-159| observed hydrotalcite-like phase

crystallites. Natural hydrotalcite has the formula MggAl,(OH),;CO;.4H,0 [144] with Mg/Al

equal to 3 but other studies of slag blends also indicated that this ratio tends towards 2 (see

Table IV-6), except from Barker studies [155] where Mg/Al probably corresponds to a mix

of hydrotalcite and C-S-H.

Slag hydration products in the rims

Mg/Al
References Si/Ca Al/Ca 8/ . Mix composition Remarks
(hydrotalcite)
Regourd, 0.77-1.11  0.21-0.22 30%cement-70%s] EMPA,
. -1. . -U. - cement- sla,
1980 [157] ¢ ovias 28 days, 20°C
Tanaka et al.,
0.48-0.61  0.17-0.20 - - -

1983 [160]
Harrison et al., 0.62 0.09 2.63 60% £-40%s1 SEM-EDS
1987 [144] . . . ocement- oslag -
Barker, 0.57 £ 0.07  0.06 £ 0.03 4.35 50%cement-50%s] EMPA,
1989 [155] ' ' ' ' ' oCOmEIEOTASE 90 days, 20°C, W/C=0.5
Duchesne et al., 0.75 0.009 50% £-50%51 EMPA,
1995 [153] ‘ ' - CCOEnTDUASIAE 3 ears, 38°C, W/B 0,5
Richardson et al.,

- - 2.40 - EMPA, TEM
1992 [149]
Richardson et al, 0.101 50%cement-50%sl EMPA
1995 [154] - . - ocement- oslag
Richardson et al., EDS-SEM

0.65 0.28£0.18 - 70 £-30%sl 7

2002 [156] Vicement-30%slag 32 days, 35°C
Dyson, TEM

- - 1. 9 £-25%s ’
2005 [112] 89 ToY%cement-25%slag W/C= 0.67

Table IV-6: composition of slag hydrates in blended cements from literature

[112,144,149,153-157,160]
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IV.8.3. AFM PHASES

Some AFm phases were visible on SEM examination (Figure IV-67) and with XRD patterns
not only monosulfoaluminate (Ms) and monocarboaluminate (Mc) but also some
hemicarboaluminate was identified at low angles (Figure IV-68). However, it was not always

possible to refine accurately these phases to due the low content.

Relicts of slag

Remaing cement

grains
Rim around slag

grain

AFm phases

S

» .l
ot W 20.0 jm

Figure IV-67: SEM-BSE picture of Cement B-Slag 8 paste hydrated for 1 year to

illustrate the presence of AFm phases

N v
m \W@ P
o e

Position [°20] CuKa
Figure IV-68: XRD patterns angular window 8-12.5° that allows the AFm phases to be

identified
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IV.9. CONCLUSIONS AND DISCUSSION ON THE EFFECT OF SLAG ON

REACTION OF CEMENT

The presence of slag had a significant impact on the hydration of the belite phase and hence
on the overall degree of hydration of the cement. Both of which where lower than in the

unblended systems. On the other hand, the hydration of the ferrite phase was enhanced.

Calorimetry curves show a big impact of slag on the peaks attributed to the aluminate
reactions. However, detailed analysis of these peaks did not provide any evidence that there

was any reaction of the slag itself during these peaks

It appears rather than the C;A reaction occurs over a shorter time period and so is more

intense. Similar effects can be produced by inert fillers such as rutile.

The reaction of the slag, with a lower C/S ratio than the clinker led first to a decrease in the

Ca/(Si+Al) ratio of the C-S-H and then at later ages to some decrease in CH. Furthermore

Al/Ca increased.
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CHAPTER V: MEASURING THE DEGREE
OF REACTION OF SLAGS IN BLENDED

PASTES

To optimise the use of slag, the relations between the properties of the cement constituents
and their performance in paste have to be better understood. For this, an accurate method is
needed to determine the actual rate of reaction of the different components in blends.
This chapter evaluates five methods to measure the degree of reaction of slag in blended
pastes:

= Selective dissolution;

= Recrystallisation of slag from differential scanning calorimetry;

» Image analysis and mapping treatment procedures from SEM;

»  Cumulative heat evolution curves from isothermal calorimetry;

= Chemical shrinkage curves.

V.1. STATE OF THE ART

V.1.1. MEASUREMENT OF BOUND WATER

The classic method for measurement of degree of reaction is extrapolation of overall degree
of reaction from the bound water content [91,161,162]. However, this depends on an
assumption of the quantity of water bound by the hydrate phases (see the following
equations system where the initial water molecules are in blue).

Hydration of tricalcium silicate:

CsS + (3x+y) H—> C,-S-H, + (3-2)CH Equation 24
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Hydration of dicalcium silicate:

CyS + (2-x+y) H—> C-S-H, + (2-2)CH Equation 25

Hydration of tricalcium aluminate with calcium sulfate:

C,A + 3C$ + 32 H — C4A$;H,, (ettringite) Equation 26
or C;A + 3C$H, + 26 H —» C;A$;H,, (ettringite) Equation 27
2 C;A + CzA$;H;, + 4 H > 3 C,A$H,, (monosulfoaluminate) Equation 28
C;A + 6 H—> C;AH, Equation 29

Hydration of tetracalcium aluminoferrite:

CeA$;H,, + 2 C,AF + 12 H —» 3 C,A$H,, + 2 CH + 2 FH; Equation 31
C,AF + 10 H - C;AH; + CH + FH, Equation 32

Even for typical Portland cements, the stoichiometry of the hydration reaction is not
precisely known. In particular it has been shown that the amount of water bound in the
C-S-H varies with temperature and the overall water combined by aluminates changes over
time due to sulfate and carbonate contents, to a certain degree as a result of ferrite reactions
all of which remains unclear [148].

When slag is present, the use of bound water as a measure to the overall degree of hydration
becomes completely unusable due to the unknown stoichiometries (for reaction of silicon,
aluminium, calcium and magnesium) and the nature of reactions of slag with various clinker
phases. Up to pH 10, the hydrolysis of the slag network is accomplished and leads to the
dissolution of glass. However, even if slag has hydraulic properties, the rate of the reaction
with water is slow. The reaction can be activated by several methods (in blended cements,
slags are chemically activated by calcium hydroxide and by gypsum) but the end product is

always C-S-H rich in alumina and magnesium.

- 152 -



V.1.2. METHODS TO MEASURE REACTION IN BLENDED CEMENTS

As discussed in Chapter III, the use of image analysis [94] and quantitative X-ray diffraction
[19,53,93,163], particularly coupled by Rietveld analysis, have proven to be effective for the
measurement of degree of reaction of clinker in cement pastes. There is good agreement
between these techniques [83,93|. These techniques can also be used to compute the degree
of reaction of the clinker components even in blended materials.

However, the degree of reaction of the SCM itself poses new challenges. The reactive part of
most of these materials is amorphous, so cannot be measured directly by X-ray diffraction
but the homogeneous regions of slag can by detected and quantified by image analysis

[164,165].

Several authors [88,89,166-170] have used a selective dissolution method based on
preferential chemical dissolution of the reaction products and unhydrated cement can be
implemented to study the effect of slag separately from cement.

It has also been suggested [75,161] that differential thermal analysis (DTA) can be used to
recrystallise slag at high temperatures (between 800 and 1100°C). By quantifying the
corresponding peak, this method has proven to be promising to determine the degree of
reaction of slag.

Some studies [133,171] have reported the use of the cumulative heat evolution obtained from
isothermal calorimetry. The advantage of this methodology is that the plot is continuous.
The problem, however, is to convert the heat evolution to a degree of slag reaction. In the
same way, chemical shrinkage experiments allow to obtain an overall reaction but need more
investigations to calculate the degree of reaction of slag.

More details of previous research related to each of five methods are presented at the
beginning of the following sections. The experimental details of these approaches are also
detailed. It is important to note that consideration of measurement errors is vital in terms of

interpretation of the results.
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V.2. SELECTIVE DISSOLUTION

V.2.1. STATE OF THE ART

One of the main and oldest methods for the estimation of the degree of reaction of the slag
is the based on a preferential chemical dissolution of the reaction products and unhydrated
cement [88,89,166-170] leaving the unreacted slag.

In recent studies [88,112,170] a modified method is presented which we implemented in this
work.

The principle of this method is based on the assumption that clinker phases and their
hydrates, and the hydrates formed from the slag are mostly dissolved leaving the unhydrated
slag as a residue. Ethylenediaminetetraacetic acid (EDTA), triethanolamine and sodium
hydroxide solution are claimed to dissolve the clinker minerals and calcium sulfate, at pH
11.5, without a notable dissolution of the slag. Precipitation of silica and hydroxides is
avoided by the addition of sodium hydroxide [166].

By means of a comparative study, Luke and Glasser [169] concluded that this EDTA based

modified method of Demoulian [166] was the most suitable.

V.2.2. PROTOCOL OF THE DISSOLUTION TECHNIQUE

Selective dissolution was used according to the protocol given by Luke and Glasser [169] and
recently used by Dyson [112]. The following solutions were used:

= 0.05 M ethylenediaminetetraacetic acid (EDTA);

= (0.1 M Na,CO, solution;

» a 1:1 solution (by volume) of triethanolamine:water mixture;

= 1.0 M NaOH.
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The different steps are the following:

= 125 ml of EDTA and 125 ml of Na,CO, were mixed together in a one litre conical
flask.

= 12.5 ml of the triethanolamine/water mixture were then added and the pH was
checked to be 11.6 + 0.1. If necessary, the pH was adjusted by addition of small quantities
of 1.0 M NaOH.

= A 0.25 g sample was then weighed out accurately and slowly added to the mixture
in the conical flask while agitating the flask at intervals to avoid agglomeration.

* Then the mixture was shaken, by means of a mechanical shaker, for 30 minutes.

» The mixture was filtered through a proprietary vacuum filter assembly using
GF/C filter paper supported on a glass frit.

» (Care was taken to wash all residual material from the conical flask and also the
walls of the funnel on to the filter. Prior to incorporation in the funnel assembly, the GF/C
filter paper was dried in an oven at 105°C and weighed.

= The residue on the filter paper was washed with de-ionized water seven times and
three times with methanol.

= The filter paper was carefully removed and dried in an oven at 105°C until a

constant weight was achieved.

This method was followed for cement, and cement plus slag hydrated samples. In order to

study the reliability of the selective dissolution, the residues were analysed by XRD and

examined by SEM.

- 155 -



V.2.3. MATERIALS INVESTIGATED

The three main anhydrous cements (A, B and C), the anhydrous Slag 8 and the three
following anhydrous cement-slag mixes (60 wt%-40 wt%) were analysed:

= Cement A-Slag §;
= Cement B-Slag 8;
» Cement C-Slag 8.

The following hydrated blended mixes were ground and dissolved:
3 cement-slag mixes (60 wt%-40 wt%) hydrated for 1 day:

» Cement A-Slag 8 hydrated for 1 day;
= Cement B-Slag 8 hydrated for 1 days;
= Cement C-Slag 8 hydrated for 1 day.

3 cement-slag mixes (60 wt%-40 wt%) hydrated for 90 days:

» Cement A-Slag 8 hydrated for 90 days;
= Cement B-Slag 8 hydrated for 90 days;
= Cement C-Slag 8 hydrated for 90 days.

V.2.4. RESULTS FROM SELECTIVE DISSOLUTION

Under these controlled conditions, the solution should dissolve the unhydrated cement grains
and their hydration products, leaving only the unreacted slag grains as undissolved residue.

The degree of hydration of slag grains in pastes was calculated from the following equation:

ag R - R ag
DHSLQ — cement paste Equation 33

Selective dissolution
cement

Where:
R, onens: undissolved residue from the blended anhydrous cement;

R,z undissolved residue from the cement paste.
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Table V-1 contains the percentage of non-dissolved materials and the corresponding degree
of reaction of slag for the hydrated mixes. From the data shown in Table V-1, it was evident
that the undissolved materials (expressed as a percentage of the total amount), did not
correspond to the pure undissolved slag because the percentage was much higher than the
initial content of the slag (40 wt%). This difference in fraction led to computation of

negative degree of reaction of slag which is an impossibility.

Undissolved materials (%) Degree of reaction of slag (%)
Label of samples Standard Standard
Average Lo Average L.
deviation deviation
Anhydrous S8 60.1 6.0 - -
Anhydrous A-S8 67.5 5.7 - -
Anhydrous B-S8 63.8 5.0 - -
Anhydrous C-S8 61.9 5.9 - -
A-S8 hydrated for 1 day 71.6 1.8 -79.0 4.4
B-S8 hydrated for 1 day 66.5 1.8 -66.3 4.6
C-S8 hydrated for 1 day 65.2 5.8 -63.1 14.6
A-S8 hydrated for 90 days 72.8 4.2 -82.0 10.5
B-S8 hydrated for 90 days 77.4 3.5 -93.5 8.8
C-S8 hydrated for 90 days 70.1 4.0 -75.1 9.9

Table V-1: undissolved materials and corresponding degree of reaction of slag after

selective dissolution
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Figure V-1 compares XRD patterns of Cement B-Slag 8 hydrated for 90 days after selective
dissolution and the one of Cement B hydrated for 90 days (to indicate the peaks of the
phases which are supposed to be dissolved). It is clear that belite, hydrated, portlandite and
C-S-H were remains in the selective dissolution residue.

In addition, the Cement B-Slag 8 hydrated for 90 days after selective dissolution was studied
with SEM. As shown in Figure V-2, this clearly shows the presence of undissolved cement

grains, hydrated phases and agglomerates.

The XRD patterns and SEM examinations of all anhydrous materials clearly showed that
selective dissolution did not completely dissolve the anhydrous phases for Cements B and C
(see summary in Table V-2). Dissolution was enhanced for Cement A probably due to it

high fineness as compared to Cements B and C.

For the hydrated mixes, only ettringite and ferrite were 100% dissolved, the other anhydrous
and hydrated phases were not completely dissolved and hydrotalcite was also observed in
the residue by XRD, as shown in the example of Cement B-Slag 8 hydrated for 90 days

(Figure V-1).

The characterisation of the different phases in the selective dissolution residues by XRD
analysis and SEM are summarised in Table V-2. It was established than the residues

contained undissolved phases in both, anhydrous cements and hydrated samples.

100% dissolved phases Partly dissolved phases Non dissolved phases

Anhydrous A-S8 CsS, C,S, CsA, anhydrite - Slag 8
Anhydrous B-S8 C,S, C3A, C,AF, anhydrite CsS Slag 8
Anhydrous C-S8 C,S, CsA, anhydrite CsS C,AF, Slag 8
Hydrated A-S8 Ettringite C,S, C,S, C-S-H, CH Hydrotalcite, Slag 8

Hydrated B-S8
Hydrated C-S8

C,AF, ettringite
C,AF, ettringite

C,S, b8, C-S-H, CH
0,8, C,S, C-S-H, CH

Hydrotalcite, Slag 8
Hydrotalcite, Slag 8

Table V-2: results of analysis
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Figure V-1: XRD patterns of Cement B hydrated for 90 days and Cement B-Slag 8

hydrated for 90 days after selective dissolution
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Figure V-2: SEM-BSE image of Cement B-Slag 8 hydrated for 90 days after selective

dissolution
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Since the sample mass of 0.25 g appeared very small, measurements were repeated adapting
the procedure with higher masses (0,5 g, 1,0 g and 1,5 g....) and some tests with smaller
filtration system were also conducted.

Even after these modifications in the procedure, some cement phases still remain
undissolved.

The same phenomenon was previously reported in the literature. Taylor and Mohan [172]
noted that large corrections must be made for incomplete dissolution of others phases, and
the results are probably reliable within an error margin of +10%. In the studies of Luke and
Glasser [141,173], the authors mentioned that even if slag was undissolved, some
cementitious phases (such as periclase, aluminate) and hydrated phases from slag
(hydrotalcite) are not dissolved by selective dissolution. In addition, Goguel [174] identified

the high percentages of undissolved products: 2 to 5% of the hydrated cement undissolved.

Some authors [169] have proposed a minor/major modification to recalculate the degree of

reaction of slag with the following formula:

_ Yo (t) Yocm, t=0

DH:L?S(’tive dissolution (t) = 100 - WR (t) - OCR( ) OCEB’IENT( ) Equation 34
/ ‘ Ws (t) %SLAG (t = 0) Ws (t) %SLAG (t = O)

Where:

Wy(t): weight of undissolved residue of the blended sample at every age directly obtained
from the weight of residue after the selective dissolution;

Wy (t): weight of blended sample before selective dissolution at every given age of hydration;
Y%cr(t): percentage of undissolved cement residue obtained from the selective dissolution on
pure cement (around 1-5%);

Yos14c(t=0): percentage of initial slag in the blended cement (equal to 40%);

% cunpnt(t=0): percentage of initial cement in the blended cement (equal to 60%).
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Following the modified approach, we obtained the results given in Figure V-3 which led to
reasonable range of overall degree of reaction (not anymore negative) but the degrees of
reaction of slag at 1 day were unreasonably high and for B-S8 and C-S8 lower values were

obtained at 90 days than the one at 1 day.

100

204 — DH of S8 in A-S8
—— DH of S8 in B-S8
—— DH of S8 in C-S8

0 T T T T T T T T T T T L
0 1 2 3 4 5 80 90 100

Degree of reaction of slag
from selective dissolution (%)

Time (days)
Figure V-3: degree of reaction of slag from selective dissolution after corrections

suggested in [169]

While such methods could be suitable to enrich materials with respect to certain phases for
other characterisation methods such as *Si NMR [173,175|, they cannot be considered as
reliable for the quantitative determination of the degree of reaction of slag. Therefore, it was

decided that this method was not suitable for the quantification of the amount of slag.
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V.3. DIFFERENTIAL SCANNING CALORIMETRY

V.3.1. STATE OF THE ART

In previous studies [75,161,176,177], it has been suggested that differential scanning
calorimetry can be used to recrystallise slag at high temperatures (from 800 to 1100°C). By
quantifying the corresponding peak, this method could be used to determine the degree of
reaction of slag.

For both techniques, the contribution of anhydrous slag is not always easy to deconvolute
mainly because of the background contribution. Past attempts to assign peaks in slag DTA

curves to particular reactions have failed because of this complexity [74].

V.3.2. PRoTOCOL FOR DSC MEASUREMENT

Differential scanning calorimetry measurements were made with a Netzsch DSC/DTA Model
404 C Pegasus, using a 10°C/min heating rate.

The hydrated samples were ground, weighed (20 + 4 mg) and placed in an alumina crucible
pan, an empty alumina crucible being used as a reference. A nitrogen flux was maintained in
the heating chamber to avoid carbonation of the samples during the experiment. Heat flow

data were recorded using a computer-based data acquisition system.
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V.3.3. RESULTS FROM DSC

Figure V-4 shows the DSC curves of three anhydrous powders: pure Cement A, pure Slag 8
and the A-S8 blended powder.

For raw slag and even blended powder, the recrystallisation peaks were identified between
850 and 1050°C whereas nothing seemed to happen in this area for the pure cement (but

there is in fact a small contribution from belite which is discussed later).
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Figure V-4: DSC curves of anhydrous powders
The objective was to develop a method to study only the recrystallisation peak in order to

optimise a separation method so as to quantify the degree of reaction of slag. Therefore, the

experiments were conduced on one type of blended pastes (Cement A-Slag 8).
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Figure V-5 shows that, as expected, the recrystallisation peak almost disappeared with time

however, it was clearly affected by the background.
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Figure V-5: DSC curves of Cement A blended with Slag 8 at different ages

The huge contribution of the background was an effect already obtained in previous DSC

analyses of plain OPC as shown in the following example from literature [178] (Figure V-6).
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Figure V-6: DSC curves of hydrated OPC [178]
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To remove the contribution of the background, a manual method with the DSC software
appeared to be too subjective. So a background removal algorithm (see details in
Appendix 2) was applied with two different choices of reasonable backgrounds which led to
two different fits and two different degree of reaction of slag for each analysed sample.

An example of the method is shown in Figure V-7 and all the results are shown in

Figure V-8.
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Figure V-7: method for background removal algorithm on DSC curve of

Cement A-Slag 8 hydrated for 7 days
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Figure V-8: background removal algorithm on all DSC curves of Cement A-Slag 8

hydrated from 3 to 90 days

The background removal algorithm led to 2 values of degree of reaction of slag per sample

(see Figure V-8). The average value is represented at each time and gives the following

curve. From 7 to 90 days, there was no significant change of DH of slag. However, as for

results from selective dissolution, an unreasonably high degree of hydration of slag at 7 days

and little evolution in time thereafter is observed in Figure V-9.
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Figure V-9: degree of reaction of Slag 8 from DSC in Cement A-Slag 8 blended pastes
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To understand the reason behind the complexity of isolating and quantify the slags by DSC,

we consulted the literature on DSC analysis.

According to [177], at temperatures above 900°C, there are exothermic peaks from

crystallisation of belite and aluminoferrite phases (see Table V-3 and Figure V-10).

DTA peak Reaction Temperature
Endothermic Nucleation of C;A 650-770°C
Exothermic Crystallisation of CsA 700-890°C
Endothermic Nucleation of aluminoferrite 950°C
Exothermic Crystallisation of aluminoferrite 980-1000°C
Exothermic Crystallisation of C,S 1130°C

Table V-3: DTA data of devitrification of glass of clinker [177]

|

900 1100 1300

1500

Figure V-10: DTA curve of C,S [177]
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As shown in Figure V-11, when a sample of Cement A without additional phases or blends
was run and treated with the background removal algorithm that we described previously,
the contribution of belite was established and quantified at 35 J/g. There was no

contribution of ferrite because in this case we worked with the white cement (Cement A),

which contains no ferrite.

Contribution of
/ belite: 35 J/g

o0 IR ]

’65 a -0.1 A
= £
< <
2 2 -0.21
E &
8 037 Anhydrous Cement A 8 <037
A A

-0.44 -0.4

-0.5 T T T T T -0.5 T T T

0 200 400 600 800 1000 1200 800 900 1000 1100 1200
Temperature (°C) Temperature (°C)

Figure V-11: DSC curve of Anhydrous Cement A and corresponding background

removal algorithm which isolate the contribution of belite

Figure V-12 illustrates the background removal algorithm for three anhydrous samples:
Slag 8, Cement A and Cement A-Slag 8. It isolates the contribution of belite from Cement A
between 950 and 1050°C.

The recrystallisation peak of pure Slag 8 was identified between 850 and 1100°C.

The curve of anhydrous A-S8 clearly shows that there are both contributions of belite and
slag between 950 and 1100°C. It appeared too complicated to try to correct the contribution

of belite using a systematic method.
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Figure V-12: background removal algorithm for Cement A, Slag 8 and Cement A-Slag 8

With inferences from the literature and the results on anhydrous Cement A, we concluded
that in the case of blended paste, the signal due to the crystallisation of belite was being
superposed due to the contribution of the slag.

One reason for the inability to well separate the contribution from the slag recrystallisation
is the presence of signal from the belite in the same range. However, there seem to be other
unknown influences on the background and the general shape of the peaks is too imprecise
for any separation technique to make sense.

So this technique is not effective for quantification of degree of reaction of slag.
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V.4. SEM WITH BSE-IMAGE ANALYSIS AND ELEMENTAL

MAPPING

In previous work [165,179] BSE-image analysis has been shown to be used to quantify by
compositional contrast the slag content in hydrated cementitious samples.

Polished sections of hydrated samples were prepared as described in Chapter II.

V.4.1. METHOD

For blended pastes with Slag 1, a conventional grey level segmentation was initially used to
quantify the content of slag. It basically consists of subsequent segmentation and
interpretation of the corresponding histogram as illustrated in Figure V-13.

However, for the cement-Slag 8 systems, this image analysis treatment proved to be
inaccurate. Due to an overlap between portlandite and slag grey levels. In order to isolate
slag and portlandite, which had similar backscattered coefficients, chemical maps of
Magnesium were acquired because it is only present in slag and not in portlandite.

The relevance of energy dispersive X-ray (EDX) dot maps, acquired concurrently with the
SEM-BSE was previously demonstrated in the case of alkali-activated cement mortars with

silica sand [165].
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Figure V-13: conventional BSE-image analysis illustrated on example of Cement A-Slag

1 paste hydrated for 28 days
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The challenge of this approach using Mg map is the time taken to get Mg maps with
conventional EDS detectors. To improve this, an EDS detector for high resolution X-ray
spectroscopy was obtained. It was a silicon drift detector (SDD), type XFlash 4030 Detector
from Bruker AXS Microanalysis which can accept a maximum input count rate of
1 000 000 cps. It also had a large active detecting area of 30 mm® (against 10 mm?® for the
previous EDS detector) and at the same time achieved very good energy resolution of
133 eV (Mn Ka) at 100 000 counts per second (cps).

In order to have consistent methodology for quantification of degree of reaction of slag, this
approach using the SEM-BSE image combined with Mg map was chosen for both slag

systems.

For all blended systems, as illustrated in Figure V-14, the image analysis was combined with
mapping and consisted of:

= Acquisition of 150-200 SEM-BSE images combined (recorded in 30 sec) with Mg
maps (recorded in 1 min 30 sec), at a nominal magnification of x1000 (corresponding to
254x190 pm), with an accelerating voltage of 15 kV and a number of counts between 80 000
and 100 000 cps (the spot size was adapted as a function of these counts).

» Combination of each set of one SEM-BSE image and one image of Mg distribution.
Mg is present in both the raw slag and in its reaction products, but the grains of unreacted
slag were identified when the grey level of the pixel corresponded to the slag (from the SEM-
BSE image) and contained Mg (from the EDS mapping image) using in-house codes
developed by Gallucci.

» The grains of slag were isolated as a function of its chemical composition and the

degree of reaction of slag was calculated according to Equation 35.

Despite the fast EDS detector, this method is time consuming: an average of 10 hours of

acquisition was necessary.
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Quantification of slag grain on SEM-BSE picture

Figure V-14: BSE-image analysis combined with elemental illustrated on example of

Cement A-Slag 8 paste hydrated for 90 days
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V.4.2. RESULTS FROM IMAGE ANALYSIS-MAPPING

Assuming the original volume of the slag in the paste, the degree of reaction of slag is then

defined as:

me rydrous slag t=0)- Vf‘m rydrous slag t
DHZ;;%I (t) _ anhydrous ‘Lg( ) anhydrous ‘l(g( ) Equation 35

VE = 0)

anhydrous slag (t

Where:

Vf (0): remaining volume fraction of initial anhydrous slag;

anhydrous slag

Vf (t): remaining volume fraction of unreacted slag after time t.

anhydrous slag

Despite being a time consuming method, the determination of the degree of reaction of slag
using SEM with image analysis and elemental mapping treatment proved as the most
efficient method.

In addition, with the new powerful EDS detector, we obtained fairly precise results. The
errors on the curves take into account the deviation between different sets of images from
the same sample and also the deviation induced by different kinds of morphological
corrections on the segmented images. It could be noted that the errors are higher at early

ages.

Figures V-15 to V-17 present the degree of reaction of slag for all the systems as a function
of type of cement and show that for all cementitious systems, even after taking into account
the errors, Slag 8 is more reactive than Slag 1. It was, however, observed that despite higher

reactivity of Slag 8, its reactivity reduced the same level as Slag 1 at 730 days.
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Figure V-15: degree of reaction of slag from SEM-IA-mapping in systems A
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Figures V-18 and V-19 show the degree of reaction of slag per type of slag.
It seems that the reaction of slag is roughly affected by type of cement which is in blended

pastes.
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Figure V-18: degree of reaction of Slag 1 from SEM-IA-mapping in blended pastes
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Figure V-19: degree of reaction of Slag 8 from SEM-IA-mapping in blended pastes
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The results from SEM-TA-mapping were compared to the ones from selective dissolution in

Figure V-20. As it was explained before, the degree of reaction of slag at 7 days is very

overestimated by selective dissolution. However, the methods give similar results at 90 days.

Degree of reaction of slag (%)

100'_ Z-DH-SEM of S8 in A-S8
90— DH-SEM of S8 in B-S8
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60 DH-Dissolution of S8 in C-S8. . ..z o
50 1
40 1
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Figure V-20: degree of reaction of Slag 8 from selective dissolution and SEM-IA-

mapping

For the A-S8 pastes, all the results from SEM-TA-mapping, DSC and selective dissolution

were plotted in Figure V-21. The degree of reaction of slag from DSC at 7 days agreed with

the results from SEM-IA-mapping but both these methods gave difference results at longer

ages. Results from selective dissolution were in good agreement with SEM at 90 days.
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Figure V-21: degree of reaction of Slag 8 from SEM-IA-mapping, DSC and selective

dissolution
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V.5. CUMULATIVE HEAT EVOLUTION CURVES FROM ISOTHERMAL
CALORIMETRY

V.5.1. WHY USE CUMULATIVE HEAT CURVES?

In previous studies [133,171] heat evolution was used for analysis and it was illustrated that

cumulative heat liberated from neat and blended cements can be obtained (see Figure V-22).

cal/g

TIME (hrs)

Figure V-22: cumulative heat liberation of cements at 27 and 60°C [133]
(this curve does not say if it the unit corresponds to cal/g dry cement, dry cementitious,

or paste)

The calorimetry measurement has the advantage of being continuous and having high
precision if particular care is taken on base line stability and calibration to stabilise the
equipment during long term acquisition.

As explained in Chapter III, particular care was taken to retain the stability of the
calorimeter. Before each long term acquisition, a calibration was done and the stability of

the baseline was carefully checked after acquisition.

As the conversion from the heat evolution curve to degree of reaction of slag is not well

established, a special method needs to be developed.
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V.5.2. RESULTS FROM ISOTHERMAL CALORIMETRY

Figure V-26 presents the cumulative heat evolution curves of pastes blended with Cement B
over a period of 28 days and clearly shows the difference between cement pastes and blended
pastes. Indeed, the heat evolved from hydration of blended pastes (normalised per gram of
cement) rapidly surpasses that of the plain cement, to end up at 28 days with cumulated
heat values considerably higher than the cement paste. This difference includes both the
contribution from the reaction of the slag itself and the impact of the physical presence of
slag on the rate of hydration of the clinker phases. To separate these effects, quartz was used
as an inert filler with 40 wt% substitution as another reference sample. It was ground to
have the same particle size range similar to that of slag (dj, of filler=10 pm and dj, of

Slag 1=20 pm and dj, of Slag 8=15 pm).

Repeatability

For a given cementitious systems, all calorimetry experiments were run at the same time for
28 days. To insure a good accuracy of the results and verify the stability of the baseline, all

the experiments were repeated twice.

Figures V-23 to V-25 show that the repeatability between two different batches was quite

good even for long term acquisition.

In addition, these curves show the significant divergence of heat evolution for blended

cements as compared to references samples and clearly establish the higher reactivity of

Slag 8 compared to Slag 1.
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Figure V-25: normalised cumulative heat curves for systems C
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Heat evolution profile of quartz is characteristically between that of cement and that of the
blended systems. It was assumed that the filler was chemically inert and induced similar
physical effect on the slags influencing the hydration of the clinker phases:

= At early age, the filler provides surface for the hydrates to nucleate and grow.

= In addition, there is an increased space for the hydrated phases to form, due to the

dilution effect.

An enhancement of cement hydration compared to a pure system results from both
phenomena. However, these results contradicted the first observations that we made in
Chapter IV concerning the rate of alite consumption that this did not seem to be
significantly affected by the slag (as filler). At present, the reasons for these discrepancies

are not clear.

Because no reaction of quartz was observed in the SEM and it was assumed that its physical

effect is similar to a system with both quartz and slag. The comparison of these two systems

gives an indication of the chemical role of the slag and thus their reactivity.
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By subtracting each cumulative heat curve of blended paste by the one of cement blended
with quartz, the difference obtained can be attributed to the slag contribution (see

illustration in Figure V-26).
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Figure V-26: illustration to isolate the contribution of slag from cumulative heat curves

of blended and quartz pastes

In order to do this subtraction, curves had to be normalised by the amount of anhydrous
material (cement + slag). After the subtraction, curves were normalized again by the

amount of slag to present values in Joules per gram of slag (see illustration in Figure V-27):
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Figure V-27: cumulative heat per g of anhydrous and resulting difference curves which

isolate the slag contribution
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Calibration

In order to correlate the cumulative curves with degree of reaction of slag, a conversion
factor needs to be established. To this end, different approaches were tried to estimate the
enthalpy of slag hydration:

* A value from literature was initially used [180] (460 J.g" of slag) but it was found
later that this value was based on adiabatic temperature measurements and was not
measured in the regime where slag reacts.

» Some old papers suggested [181,182] to use the solubilities of hydroxides which
form hydrates of slag to calculate the enthalpy of slag. This approach takes into account the
composition of the slag and led to the following values: 1170 J.g" of slag and 1183 J.g"' of
slag respectively for Slag 1 and 8.

* From the experimental point of view, the heats of solution from both raw slag and
slag burnt under different atmospheres allowed to calculate the enthalpy of slag. The
procedure was adopted from EN 196-8, the European standard for heat of solution. The
substance is dissolved in a mixture of nitric and hydro fluoric acid in a calibrated
calorimeter. The temperature change is measured and the heat of solution is calculated from

the increase of temperature.

Slag 1 Slag 8
Heat of solution from raw slag (J/g) 2642 2644
Heat of solution from slag burnt under air (J/g) 2361 2212
Enthalpy of slag burnt under air (J/g) 281 432
Heat of solution from slag burnt under argon (J/g) 2417 2261
Enthalpy of slag burnt under argon (J/g) 225 383

Table V-4: enthalpy of slag under different atmospheres

When this difference is compared to the degree of reaction of slag from image analysis, it
gives an indication of the behaviour of the slag itself.
As shown in the following figures (Figures V-28 to V-30), an independent calibration of each

cumulative heat curve was made using degree of reaction of slag from SEM-TA-mapping.
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Rather than fitting curves, we chose to use the 28 days values as reference for the

calibration because we concluded that some discrepancies could be expected at early ages.

A calibration factor was established using the 28 days as the reference value (see Table V-5).
At the minute, we did not have enough data to conclude if this calibration factor varies with
time.

It could be noted that the calibration factor is a bit higher for systems B-S1.

D f ti f sl
egree of reaction of slag Cumulative heat Calibration factor

from SEM-IA-mapping

(%) (J.g™" of slag) (J.g™" of slag)
A-S1 at 28 days 40.0 182 4.56
A-S8 at 28 days 55.4 237 4.28
B-S1 at 28 days 32.6 170 5.21
B-S8 at 28 days 50.8 213 4.19
C-S1 at 28 days 36.0 165 4.58
C-S8 at 28 days 55.2 223 4.04

Table V-5: calibration factors to correlate cumulative heat and degree of reaction of slag
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V.6. CHEMICAL SHRINKAGE

For chemical shrinkage, an approach identical to that described for calorimetry was used.
For each given system, the curve of filler was subtracted from the blended one to isolate the

contribution of the slag.

Figures V-31 to V-33 show a good repeatability between two different batches. Here again,

the curves indicate the higher reactivity of Slag 8 compared to Slag 1 in all blended pastes.

Calibration with degree of reaction of slag from SEM

As shown in the part about a calorimetry, an independent calibration of each chemical
shrinkage curve was made using degree of reaction of slag from SEM-IA-mapping (see
Figures V-34 to V-36).

A calibration factor was established using the 28 days as the reference value (see Table V-6).

As previously found for calorimetry, the calibration factor is a bit higher for systems B-S1.

Degree of reaction of slag Chemical shrinkage Calibration factor

from SEM-TA-mapping

(mL.g™" of slag) (mL.g™" of slag)
(%)
A-S1 at 28 days 40.0 0.128 3.2E-03
A-S8 at 28 days 55.4 0.163 2.9E-03
B-S1 at 28 days 32.6 0.154 4.7E-03
B-S8 at 28 days 50.8 0.018 3.5E-04
C-S1 at 28 days 36.0 0.013 3.6E-04
C-S8 at 28 days 55.2 0.206 3.7E-03

Table V-6: calibration factors to correlate chemical shrinkage and degree of reaction of

slag
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V.7. COMPARISON OF CALORIMETRY AND CHEMICAL SHRINKAGE
RESULTS
The plot of calorimetry versus chemical shrinkage results shows a linear relation for pure

and blended pastes (as illustrated in Figures V-37 to V-39). This is an indication to the

measurement of the same overall reaction from both techniques.
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Figure V-37: calorimetry versus chemical shrinkage results for systems A
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V.8.

CONCLUSIONS AND DISCUSSION ON METHODS TO MEASURE

THE DEGREE OF REACTION OF SLAG

For hydrated blended systems, a number of methods were tested to determine the amount of

remaining slag and, thereby, the degree of hydration of slag in blended cements. It was

found that two of these selective methods, dissolution and thermal analysis, are unsuitable.

= The idea of selective dissolution is to dissolve all unreacted cement and hydration
products leaving the remaining slag. However, the study of the residues by XRD and
SEM indicated that the selectivity of the dissolution procedure is far from that
expected, because of the presence of both anhydrous cement and hydrated phases.
The errors introduced by the remaining undissolved phases make it impossible to

determine the degree of slag reaction with any degree of precision.

» By thermal method, the heat of recrystallization of the slag’s glass content cannot
be isolated because of the overlap with the crystallisation of belite in the same range

of temperatures.

As selective dissolution and DSC were shown to be unreliable, other experimental methods

were assessed to quantify the degree of reaction of the slag. For these three methods the

results were relatively better than that obtained from selective dissolution and DSC.
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» Backscattered electron image analysis coupled with Mg mapping gave results close
to what we observed experimentally for the hydration of slag. However, this
technique is time consuming, considering the sampling time and the time for image
acquisition itself (around 12 hours per sample). The prerequiste is a well polished
sample, which takes at least 5 hours and due to the differential hardness of the slag it
is particularly difficult to obtain good sample preparation at young ages (up to 1
day). The image acquisition itself is now well automated in our laboratory and 150

images and Mg maps can be acquired in 10 hours overnight. In addition, the image



processing steps will mean that very small particles are not well measured, which
increases the error at young ages. At late ages only large particles remained.

» It is shown that isothermal calorimetry, if performed in a well calibrated and
stable instrument is a potentially powerful method to measure degree of slag
reaction. The technique provides continuous and precise set of values. A good
experimental calibration was established but it needs to be recalibrated for each
system separately. The figures showed the contribution of combined filler effect and
the individual reactivity of two slags (it is assumed the filler effect can be represented

by the effect of ground quartz).

* Combination of SEM-IA-mapping and calorimetry provides a calibration for slag

content in hydrated systems.

» Combination of SEM-IA-mapping and chemical shrinkage provides an alternate

calibration method.

The following table (Table V-7) summarises the main parameters in different methods.

Time of Time to
Type of e
Method acquisition treat the Comments
measurement
per sample results
Remaining undissolved phases which
Selective dissolution Discrete 20 minutes 5 minutes induced large errors on the degree of
reaction of slag
Overlap between peak of belite and the
DSC Discrete 2 hours 20 minutes one of slag which does not allow to
isolate the slag contribution
SEM-Image analysis- . . .
. Discrete 10 hours 1 hour Good accuracy but time consuming
mapping
. . Needs to be calibrated with an external
Calorimetry Continuous 1 hour
method
Needs to be calibrated with an external
Chemical shrinkage Continuous 1 hour th dw *
metho

Table V-7: comparison between different methods used to calculate the degree of

reaction of slag
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The validity of our quantification of slag reaction was verified using comparison with results
from *Si NMR given by Poulsen [22].

The following figures (Figures V-40 and V-41) show than the results from *Si NMR are a
bit lower than the ones from SEM-IA-mapping. However, for A-S8, there was a good
agreement with SEM-TA-mapping results.

At present the errors for the *Si NMR method are not well established. However, the

»Si NMR results also showed than the Slag 8 was more reactive than Slag 1.
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Figure V-40: comparison of degree of reaction of Slag 1 from **Si NMR and SEM-IA
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Figure V-41: comparison of degree of reaction of Slag 8 from **Si NMR and SEM-IA
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Study shows clearly that Slag 8 reacted faster than Slag 1 which we can compare with
different reactivity indices. For example, Figure V-42 plots M1=CaO/SiO, and
M5=(CaO+MgO+Al,0,)/Si0, against degree of reaction of slag from SEM. However, no

further conclusions can be made for the comparison of only two slag samples.
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Figure V-42: reactivity indices M1 and M5 versus degree of reaction of slag

from SEM-IA
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CHAPTER VI: MECHANICAL PROPERTIES

OF BLENDED SYSTEMS

Compressive strength is generally used as a reference for assessing the overall quality of
construction materials. In this chapter, the changes in mechanical properties induced due to
the substitution of cement by slag are presented for mortars. In addition, the correlation of
strength with other properties such as porosity, degree of reaction of cement and slag and

overall degree of reaction are studied.

VI1.1. STATE OF THE ART

Many studies [62,89,150,156,183-190] have described the development of compressive
strength in blended pastes. Most of these studies show that at later ages, up to a certain
amount, slag improves the mechanical strength of the blends compared to plain Portland
cement.

For example in Figure VI-1 from Hogan and Meusel [184], the blended mortar was stronger
than OPC one at 28 days. However, the change in compressive strength with blending agent
depends on the age and on dosage. As shown in Figure VI-1, at higher dosages the strengths

are only equal to the control at 28 days.
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Figure VI-1: compressive strength evolution for air-entrained concrete [184]

Compressive strength is an indirect macroscopic parameter to evaluate the impact of slag
and gives no direct information about the extent of its reaction.
Due to the difficulties in measuring the degree of reaction of slag, only limited literature is

available that relates strength development to the reaction of the slag.

VI1.2. EXPERIMENTAL PROCEDURE

Mortar samples of the plain cements were included as reference for each type of cement. As
shown in Table VI-1, different batches were made:

» At the beginning of the project, a first batch of mortars was measured at 1, 3, 7

and 28 days of hydration;
» Two years later, a second batch was measured at 1, 7 and 28 days of hydration.

All the samples were redone in order to take into account possible ageing effect.

As for the study of pastes, quartz was used as a filler to separate the physical effect of the

slag. Mortars with 40% quartz and 60% cement were studied at 1, 7 and 28 days.
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As for the preparation of pastes, 60 wt% of cement and 40 wt% of substitution (slag or
quartz) were premixed in a TURBULA shaker-mixer before the addition of sand to ensure a

good initial homogenisation of the mixture.

Except for mortars blended with quartz, two different batches of mortars were done at two
years interval (the effect of ageing is discussed in the following section).

All the mortars studied are summarised in the following table (Table VI-1).

Label of mortar samples 1 day 3 days 7 days 28 days
100%A (1 batch) X X X X
100%A (2™ batch) X - X X
100%B (1** batch) X X X X
100%B (2" batch) X - X X
100%C (1** batch) X X X X
100%C (2" batch) X - X X
60%A-40%Q X - X X
60%B-40%Q X _ X X
60%C-40%Q X - X X
60%A-40%S1 (1 batch) X X X <
60%A-40%S1 (2" batch) X ; X X
60%B-40%S1 (1* batch) X X X X
60%B-40%S1 (2" batch) X _ X X
60%C-40%S1 (1 batch) X X X X
60%C-40%S1 (2" batch) X . X X
60%A-40%S8 (1% batch) X X X X
60%A-40%S8 (2" batch) X . X X
60%B-40%S8 (1% batch) X X X X
60%B-40%S8 (2" batch) X . X X
60%C-40%S8 (1 batch) X X X X
60%C-40%S8 (2" batch) X - X X

Table VI-1: list of mortars studied

The mortars were formulated and mixed following the protocol from the European norm EN
196-1. Each batch consisted of 1350 g of standardised sand, 450 g of binder and 225 g of
water and allowed the casting of three 40 x 40 x 160 mm mortar bars.

The water to binder ratio of mortar was set to 0.5, which provides similar workability and
hydration conditions as a paste with water to binder ratio of 0.4. In mortars, extra water is
incorporated in the interfacial transition zone (ITZ) where there is less cement due to

packing effects and, hence, unavailable for hydration [191].
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The moulds were kept at relative humidity for 24 hours. Then, the mortar prisms were

demoulded and submerged in a water bath at 20°C until the day of testing.

VI.2.1. RESULTS OF COMPRESSIVE STRENGTH

For all the mechanical tests, the results correspond to an average value from six different
measurements (two per prism) and the corresponding standard deviation.
Flexural strengths were also measured but they were not included nor discussed here as they

generally correlated to the compressive strength.

VI1.2.1.a. Effect of ageing

Figures VI-2 to VI-4 show the evolution of compressive strength for the different batches of
pure and blended mortars.

Special attention should be given to the 3 day-compressive strengths from the first batch
because this value was not measured for the second batch.

While the effect of ageing seemed to affect significantly the compressive strength of neither
the plain mortars nor mortars blended with Slag 8, it clearly reduced the strengths of
mortars blended with Slag 1. This suggests that the Slag 1 (the less reactive and less alkali
slag) was more sensitive to ageing effect compared to Slag 8 blends and reference cements.
As final results, to avoid this ageing effect, all the compressive strength tests were redone on
the reference mortars and blended mortars. In addition, the mortars with quartz were added

to the initial selection.
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Figure VI-4: evolution of compressive strengths of all mortars with Cement C
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V1.2.1.b. Effect of cement

Compressive strength is plotted as a function of time in Figures VI-5 to VI-7.

First, it can be noticed that pure mortars composed of 100%A have comprehensively higher
strength up to 28 days compared to the 100%B and 100%C mortars. A difference of 20 MPa
was observed even after 7 days of hydration. In addition, the blended mortar composed of
60%A also gave significantly higher strengths compared to mortars with 60%B and 60%C,
but the difference was less. These differences can be attributed to the higher fineness of

Cement A which leads to more rapid hydration.

For both blended and neat mortars, there was no significant difference between Cement B

and Cement C despite having different mineralogies (particularly in terms of alkali

contents).
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Figure VI-6: evolution of compressive strengths of mortars blended with Slag 1
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Figure VI-7: evolution of compressive strengths of mortars blended with Slag 8
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VI1.2.1.c. Effect of slag on each mortar systems

First, it can be noticed that all neat mortars developed the highest strength until 28 days.
However, by 28 days, the strengths of the slag mortars approach those of the reference
mortars. This can be explained by the difference of reaction kinetics between slag and
cement. Figures VI-8 to VI-10 indicate that compared to the substitution by inert quartz,
the contribution of slag was already significant at 7 days.

As shown in Chapters III and IV, the study of hydration degree shows that C;S is virtually
completely hydrated for 28 days whereas the degree of reaction of the slag continues to
increase beyond 28 days. Therefore the strengths of the blended mortars are expected to

increase more strongly than those of the plain mortars beyond 28 days.

Despite the clear difference in reactivity of the slags seen previously (Slag 8 more reactive
than Slag 1) there appears to be little difference between them in terms of strength
development. Indeed, at 7 days, the strength of the Slag 1 blends appears to be marginally

higher than the Slag 8 blends.
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Figure VI-9: evolution of compressive strengths of selected mortars with Cement B
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Figure VI-10: evolution of compressive strengths of selected mortars with Cement C
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VI1.2.2. COMPRESSIVE STRENGTH VERSUS REACTIVITY

In order to study the impact of the reactivity of cement on the mechanical properties, the
compressive strengths of all mortars were plotted as a function of degree of reaction of
cement from SEM-TA and XRD-Rietveld refinement which came from the measurements on
equivalent pastes (see Figures VI-11 to VI-13). The errors on the degree of reaction of

cement have been explained in Chapter III.

A linear relation can be established between strength and reactivity of cement for pure
systems but not for blended ones. The lines for the blended pastes tend upwards at 7 and 28
days indicating that slag contributes to the strength. As it was established in the previous
chapters, cement reacts almost 70% at 7 days whereas the slag just begins to react at that

point (around 30% for Slag 8 and 20% for Slag 1).
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Figure VI-12: degree of hydration of cement from SEM-IA and XRD-Rietveld for 3
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Figure VI-13: degree of hydration of cement from SEM-IA and XRD-Rietveld for 3

mortars containing 60% cement-40% Slag 8
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A subtraction was made between the compressive strengths of slag and the ones of quartz
for each given age because it makes more sense to compare the strength relative to the
content of additional materials to the corresponding degree of slag reaction. So in
Figure VI-14, the resulting differences of compressive strengths were plotted against degree
of reaction of slag. It appeared that even if the compressive strength of blended mortars
were not significantly different for a given age, the contribution of both slags were clearly
different and did not seem to be significantly affected by the contribution of the cement.

For same range of strengths, it appeared two different groups: in one hand for compressive

strength with Slag 1 and on the other hand the one with Slag 8.
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SEM-IA-mapping for 6 blended mortars
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In order to take into account both contributions of cement and slag, overall degree of

reaction in system was calculated as detailed in the following formula:

%ccmcnt(t = 0) - %ccmcnt<t) + %slag(t = 0) - %Slag (t)
Uoverart reaction (0) = % t=0)+ %, (t=0)
- slag -

Equation 36

cement (

Where:

P eemen(t=0): percentage of the original cement;

P oemen(t): PETCENtAge of the remaining anhydrous cement from SEM-IA measurement;
T4y (t=0): percentage of the original slag;

Joaag(t): percentage of the remaining anhydrous slag from SEM-IA-mapping measurement.

Figure VI-15 established the relation between compressive strength and overall degree of
reaction in blended mortars (for pure mortars, the degree of reaction of cement is
represented). It appeared that for a given strength, the overall degree of reaction was not
significantly affected by the type of cement but was dependant on the slag used. Here again,
for equivalent strength, Slag 8 contributed more than Slag 1 to hydration of mortars.

Except for strength of mortar A at 1 day, the benefit of pure cement was higher than the
one of blends.

80'_:’;— 60% A-40% S1

704 60% B-40% S1
{—A—60% C-40% S1

60
50
407" 100% A
|—*—100% B <

30— 4A— 100% C

Compressive strength (MPa)

0.00 30 35 40 45 50 55 60 65 70 75 80 85

Overall degree of reaction (%)

Figure VI-15: compressive strength versus overall degree of reaction in blended systems
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VI1.2.3. POROSITY AND COMPRESSIVE STRENGTH

As shown by the scheme in Chapter IV, considering the initial oxides present in slag, the
main phases present in a hydrated blended paste are C-S-H, Ca(OH),, sulfoaluminate phases
AFt, AFm and hydroltacite like phase.
To estimate the stoichiometry of slag hydration in blended paste, the calculation was similar
to the one suggested by Taylor [5] with actual experimental input and not assumptions. The
calculations were done using the steps outlined below:

» The hydrotalcite like phase contained all the Mg from the slag that had reacted.
The measured Mg/Al ratio of hydrotalcite like phase is used from EDS measurements and
the reaction of slag is taken into account the degree of slag reaction from SEM-IA-mapping
measurements;

» all the Si from alite and belite (which composition come from XRD-
Rietveld analysis) enters the C-S-H;

» using the above two steps, CH is deduced;

= slag SiO, (S) and AlL,O; (A) enter a C-S-H phase called CxSHyAz phase for which
x and z are measured by EDS analysis and y is initially chosen;

» Ca, Al and S from ettringite calculated by XRD are removed;

* the remaining Al enters an AFm phase for which oxide composition is given by
EDS measurements;

= the amount of CaO released from the slag is observed to be insufficient to account
for that in the C-S-H and AFm phases. The deficiency is made by decreases in the content

of CH formed from the Portland cement.
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From the calculated content and knowledge of the density of the various phases (the density
of C-S-H was chosen equal to 2242 kg.m™® [192]) the total porosity can be calculated as

followed:

ZDried volume of phases (t)
%TOTAL POROSITY(t) == meder( t = 0) LV ( = 0)

water

Equation 37

It is well know than the porosity is a major factor in controlling strength of cementitious

systems.

Figures VI-16 to VI-18 show the evolution of calculated total porosity and the corresponding
relation with compressive strength for the different systems. It is clear from the graphs that
the reaction of the slag makes a contribution to strength beyond just the reduction in total

porosity from its hydrates.
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VI1I.3. CONCLUSION ON MECHANICAL PROPERTIES

Compressive strength can be considered as an indirect macroscopic parameter to evaluate
the impact of slag, but without any direct information regarding its extent of reactivity or
influence on hydration of other phases. It should be noted that the reactivity indices (as

described in Chapter II) had no relevance towards strength development.

It was established from our investigations that Slag 8 was the most reactive.

At 28 days the strength of the blends are comparable to those of the pure cements.

The contribution of slag started to be significant from 7 days when the strength
development of the pure cements starts to level off. At longer ages, it would be expected
that the blended cements would show higher strengths. Up to 28 days, there was no
significant difference between strength from both slag blends despite the higher degree of

reaction of Slag 8.

The compressive strengths of systems with Cement A were clearly influenced by the higher
fineness of the cement itself. However, the different mineralogies of three cements appeared

to have little impact on the strength at the same degree of hydration of cement.

Parameters such as overall degree of reaction and calculated total porosity clearly
established that the impact of the slag on strength development is greater than what it
would be expected just from the filling of space by the hydrates. The blended pastes have a
higher calculated porosity at all ages. This poses important question regarding the impact of

microstructural arrangement on the development of mechanical properties.
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CHAPTER VII: DISCUSSION,

CONCLUSIONS AND PERSPECTIVES

This work was divided in two main parts. In first part, investigations were done on
anhydrous and hydrated materials to evaluate the characterisation methods and their
accuracy. In the second part, a study of slags in blended paste was made developing

methods to isolate and understand the contribution of slag itself.

VII.1. METHODS

It was clear than even for well established techniques, many details need to be taken into
account to optimise the final results.

The initial work done on anhydrous phases mainly concentrated on XRD-Rietveld
refinement with optimisation of its control files as a function of the different types of
cements and slags. For anhydrous cements, the contents of clinker phases were compared
with SEM-Point counting, Bogue and modified Bogue calculation. The alite/belite ratio from
XRD-Rietveld agreed with SEM-Point counting investigation but there is some disagreement
with results from **Si NMR, which could be related to the presence of some amorphous
material on the surface of alite grains.

The oxides composition of the 4 main cements were estimated by reverse Bogue calculation
using EDS measurements on clinker phases. The results agreed well with XRF data but all
the Bogue techniques are mathematically only approximate, at best, considering that small
variations in input data result in large variations in the output.

The improvement on characterisation of anhydrous materials provides the starting point for
the study of hydrated systems, particularly concerning the XRD-Rietveld refinement

and the corresponding control files.
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To avoid a bias from sampling effect, one hydrated specimen from same mixing batch was
analysed, each using different techniques: XRD, TGA, SEM, isothermal calorimetry and
chemical shrinkage.

Independent repeatability tests allowed the limitations of different techniques to be

identified and highlighted the interest to combine all the methods together.

So the techniques used in this study have been carefully selected in order to fully
characterise the blended systems taking into account the pure systems as reference. No
single technique provides all the data required to obtain a clear understanding of these

systems. Each piece of data, therefore, contributes to the overall characterisation.

VII.2. STUDY OF SLAG

Using, the understanding of the methods and combining all information together, a special
approach was developed to follow the influence of slag and isolate its contribution in blended
Systems.

Firstly, the effect of slag on clinker phases was identified:

» (Concerning the aluminate phases, the separation treatment of calorimetry curves
confirmed that there was no evidence for slag itself reacting. The “sharpening” of the
aluminate peak is a “filler” effect due to the physical presence of slag.

= The presence of slag significantly retarded the hydration of belite and,
consequently, the degree of reaction of cement.

» The slags favoured the hydration of the ferrite phase.
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Secondly, the slag modified the composition of hydrates. The significant change in
C/S ratio of the C-S-H between pure and blended paste is enough to account for the
difference in overall C/S ratio of the blend, without taking into account the consumption of
CH at early age. At longer ages, the C/S ratio continues to decrease slowly, but there is also
a small decrease in the amount of portlandite in blended pastes. The decalcification of C-S-H

can be explained by C-S-H acting as a source of calcium for slag hydrates.

Many studies have been conducted on the reactivity of slag in blended pastes, but the word
“reactivity” is generally used in different contexts without much specification. In addition,
there was a lack of good methods to quantify the degree of hydration of the slag. Almost no
previous studies have provided proper considerations to precision and errors. Even if SEM-
TA-mapping is time consuming, it appeared to be the only accurate method to quantify the
degree of reaction of slag.

The computation of difference in cumulative calorimetry and chemical shrinkage curves of
slag and its comparison to inert filler (quartz) allowed the reaction of the slag to be isolated.
Their calibration using the SEM-IA-mapping results seems to be a promising method to
understand and quantify the reactivity of slag. Further work should be done on a
thermodynamic approach using the pure enthalpy of slag as a calibration factor for

calorimetry and chemical shrinkage results to deduce the degree of reaction of slag.
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All our investigations indicated that Slag 8 (high alumina and alkali contents) had a higher
reactivity than Slag 1 (high amorphous content). This was in agreement with *Si NMR
results. This difference in reactivity was confirmed for reaction of slag in pure NaOH

solution as shown in Figure VII-1.
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Figure VII-1: heat curves of both slags activated by NaOH solution

From our matrix of mortars, it was interesting to compare not only the performance and
microstructure of blended systems but also the effect of using different kinds of cements.

The comparison of the effects of using low and high alkali cement (respectively Cement C
and B) in combination with slag did not provide significant contrast in performance that
was expected at early ages. In general, it was observed that the differences in cement clinker

had very little impact on the reaction of the slags.

Using the overall degree of reaction, it was established that increasing reaction in the slag
corresponds to an increasing strength in blended mortars. It is expected that the slag will
make a more significant impact on strength at ages beyond 90 days.

Comparing the strength with calculated total porosity, the contribution of the slag seemed
to be enhanced above that which might be expected from the filling of space by its

hydration products.
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In other to understand the microstructure better, the overall picture of the microstructural
development of slag-pastes could be used as input for microstructural models such as the

new modelling platform called pic [193].

In this study, other binary blended samples were also prepared with two fly ashes (FA1 and
FA2 which is the one with high content of iron) and silica fume (SF which dy= 0.25 pm)
but in the available time, it was not possible to present all the results for these other SCMs.
However, it was observed that both the fly ashes and the silica fume seemed to have

quantifiable and reliable results by the calorimetry method as shown by Figure VII-2.
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Figure VII-2: cumulative heat curves for fly ash and silica fume blended pastes

compared to the reference paste

Furthermore, for fly ash, the SEM-IA-mapping method could be used to isolate its
contribution. But compared to slag, the chemical composition of fly ashes is more
heterogeneous and should required developing a special method with combination of multiple

elemental mapping as it was recently investigated on pure fly ash by Chancey [194].
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APPENDICES

XRD PATTERNS OF ANHYDROUS CEMENTS AND CLINKER

APPENDIX 1
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APPENDIX 2: MATLAB FILE FOR BACKGROUND REMOVAL OF DSC CURVES

The following code was developed in our laboratory at EPFL by Dunant:

function b = xrdbackground(a, sep, skip, delta)
%% usage : b = xrdbackground(a, sep, skip, delta)
%% a: vector from which the background should be computed
%% sep: index after which the peaks will be assumed to be exothermic
%% skip: sub sampling interval
%% delta: background curvature
b= a(l:skip:end) ;
b(end+1) = a(end) ;
it (sep > skip)
for (i = 2:30 )
for (J = 2:round(sep/skip)-1)
avg = (bg-1) + b@+1))7/2.;
if ( (abs(b()) < abs(avg - delta) && b(j) < 0)
Il (abs(b(j)) > abs(avg - delta) && b(j) > 0)
Il b@) == 0)
b() = avg ;
end
end
for (J = round(sep/skip):length(b)-1)
avg = (b(g-1) + b(§+1))/2.;
it ( (abs(b@)) < abs(avg + delta) && b(G) < 0)
Il (@bs(b(Q)) > abs(avg + delta) && b(g) > 0)
Il b@) == 0)
bd) = avg ;
end
end
end
else
for (i = 2:30 )
for (J = 2:length(b)-1)
avg = (b(J-1) + b(g+1))/2.;
it ( (abs(b(@)) < abs(avg + delta) && b(G) < 0)
Il (abs(b((j)) > abs(avg + delta) && b(j) > 0)
Il b@) == 0)
bd) = avg ;
end
end
end
end

for (i = 1:length(b)-1)
for (g = 1l:skip)
bg((i-1)*skip+j) = b(i)*(skip+1l-j)/skip+b(i+1)*(-1)/skip ;
end
end
if length(bg) < length(a)
for i = (length(bg)+1):length(a)
bg(i) = b(length(b)) ;
end
else
bg = bg((length(bg)-length(a)+1):length(bg)) ;
end

b =bg ;
return;
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APPENDIX 3: SCHEMATIC REPRESENTATION OF PROGRAM FOR BOGUE

CALCULATION

The following program was made in our laboratory at EPFL by Le Saoft:

INPUT: XRF results (Na,O, MgO, Al,O,, SiO,, P,0;, SO;, K,0, CaO, TiO,, Mn,0;, Fe,0;)
TGA results (Loss, CO,)
Rietveld results Free Lime f-CaO

No Total = 100%WE

AR<1.5

umina RatioAl,O,/Fe,

A

AR is low AR is high

From CaO content, deduct free lime: CaOc = CaO — {-CaO
I

From CaO content, deduct any CaO equivalent to CO,: CaOc = CaOc — (M¢,o/M¢,)*CO,

Arbitrary quantity of SO; (0.5%wt) is present in the clinker

805c =80;-0.5

Gypsum = SOz¢ Mg, paum/Ms03
[

Deduct CaO equivalent quantity: CaOc = CaOc-(SO;¢*M,o/Mgg3)

I
0.5%wt SO, is present in the clinker: SO; = 0.5

I e ——

[

K,0 =K,0/ Mg,0, Na,0 = Na,0/ My,,0, SO; = SO; / Mgos
I

Step 1: calculate R=SO,/(K,0+Na,0) and ki = K,0/Na,O
1

Step 2: calculate SO, present as sulphates SS

R<0.8

SS = S0, SS = (1-0.25%(R-0.8))*SO,

SS =0.7*S0O,
|
Step 3: calculate K,O and Na,O present as sulphates KS and NS

KS =1.12*R*K,0 R<=0.8 /(R\ R>0.8 KS =0.9*K,0

NS =0.56*R*Na,O NS = 0.45*Na,O
[ |
KS = KS*(K,0+Na,0)/(1.12*K,0+ 0.56*Na,0) ki>=3.67 q
NS =NS*(K,0+Na,0)/(1.12*K,0+ 0.56*Na,0)
L Step 4: calculate CaO present as sulphates CS = SS-KS-NS J

From CaO content, deduct any CaO present as sulphates CaOc = CaOc — M,o*CS
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Assume 0.3%wt of insoluble residue (IR) and that this is composed of SiO,, 67% and Al,O5, 33%
I

unknown

Si0,c = Si0, — IR*0.67
ALOsc = ALO, -IR*0.33

MgO in Alite = MgO * 0.667

MgO in Alite

Compositions of phases deduced by EDS

MgO in Alite =2

known

INPUT matrix

,—l

| Ca0

MA= SiO,

CaO in Alite CA = 71.6-1.4*(MgO in alite -1.1) AlL,O,

Fe,0,

Fe,0; in Alite FA = Fe,0; * 0.25

Fe,0, in Alite

C,S C,S C,A C,AF

Fe,0; in Alite = 1.1

- 222 -

Construction of the matrix MA
1
Na,Oeq =Na,O + 0.658 K,0
<06 m 0.6
CA 0.635 0.566 0475 CA 0.635 0.539 0475
0.252 0.315 0.037 0.036 0.252 0.315 0.043 0.036
MAOPC: MA gpc =
0.01 0.021 0.313 0.219 0.01 0.021 0.289 0.219
FA 0.009 0.051 0.214 FA 0.009 0.066 0.214
CA 0.635 0.566 0.460 CA 0.635 0.539 0.460
0.252 0.315 0.037 0.035 0.252 0.315 0.043 0.035
MA Gpc = MAggpe =
0.01 0.021 0.313 0.152 0.01 0.021 0.289 0.152
FA 0.009 0.051 0.298 FA 0.009 0.066 0.298
CA 0.635 0.581 0475 CA 0.635 0.581 0475
0.252 0.315 0.046 0.036 0.252 0.315 0.046 0.036
MA ‘White cement = MA ‘White cement =
0.01 0.021 0.338 0.219 0.01 0.021 0.338 0.219
FA 0.009 0.010 0.214 FA 0.009 0.010 0.214
I
I
Matrix Data




CaOc
SiO,¢
Al,O,c
Fe,O,c

Matrix Data =

Alite
Belite

Aluminate

Matrix Results =

Ferrite

Results = (MA)! * Data

l

Free Lime = Free Lime
K,SO, =174 * KS
Na,SO, =142 * NS
CaSO, =136 * CS
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