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Abstract

The activation of laboratory belite clinkers has been carried out by adding variable amounts of alkaline salts (K2CO3, Na2CO3), and/or SO3 as
gypsum in the raw materials but keeping almost constant the main elements ratios, Ca/Si/Al/Fe. Quantitative phase analyses by the Rietveld
method using high resolution synchrotron and strictly monochromatic CuKα1 laboratory X-ray powder diffraction data has been performed.
Quantitative phase analysis results have been compared to validate the protocol using laboratory X-ray data. The agreement in the results is
noteworthy, which indicates that good quantitative phase analyses can be obtained from laboratory X-ray powder data. Qualitative studies have
confirmed that the addition of alkaline salts to raw mixtures promotes the stabilization, at room temperature, of the highest temperature
polymorphs: α′H-C2S and α-C2S. Quantitative studies gave the phase assemblage for ten different laboratory belite clinkers. As an example,
an active belite clinker with 1.0 wt.% of K2O and 1.0 wt.% of Na2O (amounts added to the raw mixtures) contains 8.5(3) wt.% of β-C2S, 21.2
(3) wt.% of α'H-C2S, 24.1(2) wt.% of α-C2S, 18.9(3) wt.% of total C3S, 17.3(2) wt.% of C3A and 10.0(2) wt.% of C4AF. A belite clinker
with 0.8 wt.% SO3 (nominal loading) contains 60.7(1) wt.% of β-C2S, 6.7(2) wt.% of α′H-C2S, 12.3(7) wt.% of C3S, 9.1(2) wt.% of C3A and 11.2
(2) wt.% of C4AF. Overall, quantitative phase analyses have shown that alkaline oxides stabilize α′H-C2S and α-C2S, sulfur stabilizes β-C2S, with
a large unit cell volume, and the joint presence of alkaline oxides and sulfur promotes mainly the stabilization of the α′H-C2S polymorph.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Cement industry requires vast amounts of energy to operate,
especially to burn cement clinker and to grind raw and produced
materials. This power consumption leads to a concomitant
release of CO2 into atmosphere, up to 0.97 tons of CO2 per ton
of Ordinary Portland cement (OPC) produced. Considering
these values, cement industry contributes around 6% of all CO2

anthropogenic emissions [1,2].
Belite Portland cements (BPCs) contain more than 50 wt.%

of Ca2SiO4, belite, as the main mineralogical component, while
Ca3SiO5, alite, is the most important phase in OPCs. The
increasing interest of BPCs and related systems is mainly due to
a lower CaO consumption and therefore the depletion of CO2

emissions produced in the manufacturing process [3–5]. BPCs
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can be produced at a clinkerization temperature approximately
100 °C lower than that for OPC, which reduces CO2 emissions
from fuel burning [6]. BPCs based concretes are considered to
be “low heat” ones and more durable than those derived from
OPC. These performances make BPCs suitable to the
construction of large dams and to the lining of oil wells.
However, the massive application of these materials requires
overcoming some drawbacks such as the low hydration rate of
the belite phase and high resistance to be milled [2,7].

Cement nomenclature will be adopted hereafter, C_CaO,
S_SiO2, A_Al2O3, F_Fe2O3 and S̄_SO3, for simplifying
the description of cement phases. Stoichiometric C2S presents
five polymorphs on heating, γ, β, α′L, α′H and α. One kind of
activation of BPCs consists on the stabilization at room tem-
perature of the high temperature polymorphs (i.e. α-forms),
which are more reactive than β-C2S [8]. The latter is the
polymorph that commonly prevails in OPCs but due to its slow
hydration kinetic they develop very little mechanical strength at
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Table 1
Elemental composition of raw mixtures prepared to obtain the different belite clinkers, expressed as oxide in wt.%

CaO SiO2 Al2O3 Fe2O3 SO3 K2O Na2O MgO TiO2 SrO P2O5

B_ref 62.81 25.00 6.34 5.23 0.01 0.27 0.13 0.07 0.01 0.09 0.04
B_05NK 62.43 24.85 6.30 5.20 0.01 0.50 0.50 0.07 0.01 0.09 0.04
B_10NK 61.80 24.60 6.24 5.14 0.01 1.00 1.00 0.07 0.01 0.09 0.04
B_08S 62.72 24.74 6.27 5.17 0.81 0.08 0.12 0.00 0.00 0.09 0.00
B_10S05N 62.21 24.48 6.21 5.12 1.01 0.26 0.50 0.07 0.01 0.09 0.04
B_10S15N 61.61 24.23 6.14 5.07 1.01 0.26 1.50 0.06 0.01 0.08 0.03
B_10S10K 62.01 24.39 6.18 5.10 1.01 1.00 0.12 0.06 0.01 0.08 0.04
B_10S20K 61.38 24.14 6.12 5.05 1.01 2.00 0.12 0.06 0.01 0.08 0.03
B_10S05NK 62.12 24.39 6.18 5.10 1.01 0.50 0.50 0.06 0.01 0.09 0.04
B_10S10NK 61.44 24.19 6.13 5.05 1.01 1.00 1.00 0.06 0.01 0.08 0.03

In bold the amount of nominal percentages of activator added is given.

Table 2
Final S, K and Na contents in laboratory active belite clinkers

SO3 K2O Na2O

B_ref – 0.04/0.27 0.16/0.13
B_05NK – 0.18/0.50 0.54/0.50
B_10NK – 0.38/1.00 1.27/1.00
B_08S 0.71/0.81 0.06/0.08 0.20/0.12
B_10S05N 0.85/1.01 0.19/0.26 0.64/0.50
B_10S15N 0.79/1.01 0.19/0.26 1.28/1.50
B_10S10K 0.87/1.01 0.67/1.00 0.23/0.12
B_10S20K 0.79/1.01 1.10/2.00 0.25/0.12
B_10S05NK 0.96/1.01 0.33/0.50 0.53/0.50
B_10S10NK 0.88/1.01 0.58/1.00 1.06/1.00

Results are expressed as oxides inwt.%. The initial contents are also given in italics.
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early ages. The activation may be carried out by conventional
firing using minor elements (dopants) such as alkalies, sulfur or
barium additions [3] or by specific thermal treatments [9,10].
The stabilization of α-forms using alkalies was reported in
previous studies [11]. The presence of an increasing amount of
alkaline oxides in the BPCs (active-BPCs) yielded higher
compressive strengths after 28 days when compared with alkali-
free BPCs. Furthermore, sulfur is also commonly present in
clinkers, mainly coming from fuels. This element is mainly
dissolved in the melt that appears in the clinkerization process
and it has a positive effect on the burnability of the raw mix
[12]. On the other hand, sulfur also leads to a lattice
modification of β-C2S with improved hydraulic properties
and it has been reported that the stabilization of α-forms cannot
be achieved by this element [13]. In addition to that, SO3

produces the shrinkage and the final disappearance of the C3S
primary phase volume in the quaternary phase diagram [14],
CaO–SiO2–Al2O3–Fe2O3. Although C3S is a secondary phase
in BPCs, its presence may be desirable as its hydration products
lead to increase mechanical strength at early ages. Calcium
sulfoaluminate cements are systems with high SO3 contents
and contain different amounts of C4A3S̄, known as Klein's
compound, which compensates belite low reactivity [7,15].

Final concrete performances depend on the mineralogical
phase composition (and the texture properties). Quantitative
phase analysis (QPA) of active-BPCs is very important and X-
ray powder diffraction combined with the Rietveld method [16]
is the most powerful tool to carry out this type of analysis.
However, laboratory X-ray powder diffraction (LXRPD) data
may contain systematic errors such as strong preferred orien-
tation, optical aberrations that change with 2θ, microabsorption
and strong peak overlapping of the different phases. High-
Resolution Synchrotron X-ray Powder Diffraction (SXRPD)
overcomes most of these drawbacks and it is often used to
validate QPA obtained by LXRPD [17–21].

As part of our ongoing research about BPCs, laboratory
clinkers with C2S contents close to 60 wt.% were prepared and
analyzed by QPA and LXRPD [22]. In that study, β-C2S was
the main polymorph due to absence of dopants. BPCs were
activated [23] using Na2O or K2O and different amounts of high
temperature C2S polymorphs, α-forms, were quantified. The
polymorph assignments were carried out by SXRPD data and
selective dissolution of the clinkers to enrich the low content
phases [23]. This work presents a continuation in the
investigations of active BPCs. Here we show Rietveld QPA
of clinkers activated with sulfur, with combinations of alkaline
oxides and finally with sulfur and alkaline oxides. Ten BPCs
have been analyzed using LXRPD data and also using SXRPD
to validate the analyses of these complex materials. The
influence of alkaline oxides and sulfur in the mineralogical
phase assemblage is discussed.

2. Experimental section

2.1. Synthesis of belite-rich clinkers

Appropriated amounts of calcite (99% Aldrich), kaolin
(Aldrich), quartz (99.59% ABCR) and iron oxide (99.95%
AlfaAesar) were mixed in order to obtain a non-active belite
clinker (B_ref) with theoretical mineralogical composition of
60 wt.% of C2S, 16 wt.% of C3S, 8 wt.% of C3A and 16 wt.%
C4AF [22], according to Bogue's calculations [24]. Nine active
belite clinkers have also been prepared by adding different
amounts of Na2O, K2O and SO3, to the raw mixture as Na2CO3

(99.999% Aldrich), K2CO3 (99% Aldrich) and gypsum
(CaSO4·2H2O), respectively. The samples are labeled according
to the amount of activator added, e. i., B_10S05NK stands for
the active belite clinker with nominal composition of 1.0 wt.%
of SO3, 0.5 wt.% of Na2O and 0.5 wt.% of K2O. Table 1 gives



Fig. 1. Selected range of X-ray synchrotron powder diffraction raw data
(λ=0.40 Å) for all active belite clinkers. Some peaks mainly due to a given phase
are labeled: β-C2S▪; α′H-C2S ○; α-C2S ✳; C3S ♦; C3A ●; and C4AF ×.
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the nominal dosages, expressed as oxide, used to prepare all the
clinkers. Raw materials were mixed in an agate mortar with the
aid of ethanol and dried in a stove at 60 °C. This treatment was
performed three times. The clinkerization was carried out by
pressing the raw mixtures into pellets of ∼1.8 g with ∼16 mm
of diameter. The pellets were placed on Pt/Au crucibles and
heated at 5 °C/min to 900 °C, which was held for 30 min. The
temperature was then raised at a rate of 5 °C/min up to 1365 °C
and held for 15 min. Finally, the clinkers were cooled from the
highest temperature applying air flow (approximate rate cooling
of 2000 °C/min).

2.2. Chemical analysis

The elemental composition of calcite was determined by
X-ray fluorescence spectroscopy on Phillips PW-1404 spec-
trophotometer. The elemental composition of kaolin was
measured by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) on an IRIS Advantage instrument
from Thermo Jarrel Ash. SiO2 (quartz—99.5% from ABCR),
Fe2O3 (99.95% from Alfa Aesar), Na2CO3 (99.99% from
Aldrich), K2CO3 (99%+ from Aldrich) and gypsum were used
as purchased. The final Na and K contents in clinkers were
determined by atomic emission spectroscopy in a Perkin-
Elmer AAnalyst 800. The final sulfate content was measured
by gravimetric method in accordance with EN 196-2.
2.3. X-ray powder diffraction

All the clinkers were finely ground to perform powder
diffraction measurements. SXRPD patterns were collected on
ID31 diffractometer of European Synchrotron Radiation
Facility, (Grenoble, France) in Debye–Scherrer (transmission)
configuration. The wavelength, λ=0.40084(5) Å (30.94 keV),
was selected with a double-crystal Si (111) monochromator and
calibrated with Si NIST (a=5.431195 Å). Samples were loaded
in borosilicate glass capillaries of diameter of 1.5 mm and
rotated during data collection. The data acquisition time
was ∼45 min to have very good statistics over the angular
range 3–30° (in 2θ). The data from the multi-analyzer Si(111)
stage coupled with the scintillation detectors were normalized
and summed up to 0.003° step size with local software to
produce the final raw data.

LXRPD data have been recorded with an X'Pert MPD
PRO diffractometer (PANalytical) using CuKα1 radiation (λ=
1.54059 Å), [Ge(111) primary monochromator]. The optics
configuration was a fixed divergence slit (1/2°), a fixed incident
antiscatter slit (1°), a fixed diffracted anti-scatter slit (1/2°) and
an X'Celerator RTMS (Real Time Multiple Strip) detector,
working in scanning mode with maximum active length. The
data were collected from 10° to 70° (2θ) during ∼2 h. The
samples were rotated during data collection at 16 rpm in order to
enhance particle statistics. The X-ray tube worked at 45 kVand
35 mA.

Powder diffraction patterns were analyzed by the Rietveld
method with GSAS software package [25] by using a pseudo-
Voigt peak shape function [26] with the asymmetry correction
included [27]. The refined overall parameters were: background
coefficients, cell parameters, zero-shift error, peak shape
parameters and phase fractions. Some phases present aniso-
tropic line shape broadening, which was modeled using the
phenomenological multi-dimensional distribution of lattice
metrics approach [28] for SXRPD patterns and the ellipsoidal
broadening correction for LXRPD patterns. The spherical-
harmonic correction [29] was applied when needed in LXRPD
patterns to correct texture problems for C3S phase.

2.4. Scanning electron microscopy

Small pieces of pellets of some clinkers were mounted in
epoxy resins and were progressively diamond polished down to
3 μm. Finally, a mechanical etching with 0.3 μm alumina paste
was applied in order to create contrast among different phases.
A Field Emission Scanning Electron Microscope (FESEM)
(Hitachi-S4700) was used to perform the microstructure study.

3. Results and discussion

3.1. Chemical analysis

Some methodologies for the activation of BPCs require the
dosage to the raw mixtures of compounds in part volatiles. This
provokes a concern of the extent of that liberation during the
heating process. To address that issue, Na, K and S contents



Table 3
Rietveld quantitative phase analysis results of all the clinkers in wt.% obtained from SXRPD data (upper values) and from LXRPD data (italics)

w α-C2S α′H-C2S β-C2S C3ST C3SM3 C3ACII C3Aort C4AF C4AF-I K2SO4 K3Na(SO4)2

B_ref – 18.5(2) 46.7(1) 9.3(2) 3.9(2) 10.1(1) – 11.5(1) – –
– 15.5(3) 51.2(2) 9.6(1) 3.70(6) 8.9(2) – 11.1(2) – – –

B_05NK 8.8(1) 32.3(2) 19.2(2) 7.8(3) 8.1(3) 6.6(2) 5.7(2) 8.4(1) 3.1(1) – –
8.5(2) 31.7(3) 22.7(4) 7.3(7) 8.8(7) 5.2(3) 4.9(3) 10.9(2) – – –

B_10NK 24.1(2) 21.2(3) 8.5(3) 6.2(3) 12.7(3) – 17.3(2) 6.2(2) 3.8(2) – –
27.3(3) 19.3(4) 10.5(5) 8.6(4) 10.5(5) – 14.7(4) 9.1(3) – – –

B_08S – 6.7(2) 60.74(8) 12.26(7) – 9.1(1) – 8.4(1) 2.8(1) – –
– 5.8(4) 61.3(2) 12.8(1) – 9.7(2) – 10.4(2) – – –

B_10S05N – 28.0(1) 39.9(1) 11.36(7) – 9.72(9) – 8.92(9) 2.10(8) –
– 24.9(3) 46.8(3) 9.8(2) – 9.5(2) – 9.0(2) – – –

B_10S15N 5.0(1) 42.0(2) 12.2(3) 17.00(8) – – 13.5(1) 8.1(2) 2.2(1) – –
1.7(2) 52.1(3) 12.0(5) 16.3(2) – – 10.8(3) 7.1(2) – – –

B_10S10K – 23.9(1) 41.7(1) 12.72(7) – 9.0(1) – 9.4(1) 2.47(8) 0.29(3) 0.52(4)
– 20.1(3) 47.3(3) 12.3(2) – 8.9(2) – 10.4(2) – 0.62(9) 0.38(7)

B_10S20K – 37.7(2) 23.5(2) 15.37(8) – 8.8(1) 2.1(1) 8.9(1) 2.7(1) 0.93(4) –
– 39.2(3) 24.7(4) 15.7(2) – 5.9(3) 3.2(3) 10.4(2) – 0.9(1) –

B_10S05NK – 32.1(1) 33.3(2) 12.79(7) – 9.85(9) – 9.04(9) 2.18(8) – 0.74(4)
– 26.8(3) 39.9(3) 14.0(2) – 8.4(2) – 10.5(2) – – 0.40(1)

B_10S10NK 4.8(1) 41.2(2) 11.8(3) 17.33(8) – 1.6(1) 11.5(1) 8.0(1) 2.6(1) – 1.17(6)
2.4(3) 46.3(3) 12.2(4) 18.2(2) – 1.5(2) 9.0(4) 9.1(2) – – 1.3(2)

Fig. 2. Variation of β-C2S unit cell volumes as a function of SO3 wt.% content of
the clinkers. The volume for stoichiometric β-C2S was taken from [30].
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have been measured in the final clinkers; see Table 2, where
they are expressed as oxides. It can be seen that sodium mainly
remains in the clinker with very little volatilization ratio in the
used experimental conditions. It must be highlighted that there
is a slight overestimation in sodium oxide contents in the final
clinkers when compared to the nominal starting compositions,
see Table 2. Na2O content has been determined by two different
techniques, ICP-AES for raw materials and atomic emission
spectroscopy for the final clinkers. The different measuring
techniques are likely the source of the disagreement in the
measured sodium contents. Potassium volatilization extent can
be as high as 50% and it is rather variable. On the other hand,
sulfur volatilization amount is comparatively smaller ranging
between 10–20%. However, it must be highlighted that element
volatilization levels strongly depend on the heating experimen-
tal conditions including the ratio between gases and raw
materials. Hence, further studies are needed to extrapolate these
results to industrial applications.

3.2. Quantitative phase analysis using SXRPD data

High-belite clinkers are complex materials due to the
presence of many crystalline phases. Furthermore, most of
these components display polymorphism and active belite
clinkers may have more phases than ordinary belite clinkers. In
these conditions, the use of high resolution SXRPD data is
important to obtain accurate QPA. However, SXRPD is
expensive and it is mainly used to validate the quantitative
results obtained from LXRPD analyses. Fig. 1 shows a selected
range of SXRPD patterns of active belite clinkers where some
peaks due to a given phase are labeled. Qualitatively, it can be
observed that the addition of minor amounts of activators
induces strong modifications in the powder patterns. Prior to the
QPA, all crystalline phases were identified as previously
reported [23]. Table 3 gives the mineralogical compositions
for all synthesized belite clinkers obtained by Rietveld QPA of
SXRPD data.

The first result to be emphasized is the absence in all the
clinkers of free lime (CaO) and γ-C2S. The absence of the first
indicates that thermal treatment was appropriate. On the other
hand, the quenching from high temperature has avoided the
β→γ polymorphic transformation of C2S. γ-C2S is hydrauli-
cally inactive and its presence is undesirable in BPCs.

In all laboratory belite clinkers β-C2S [30] was present. The
stabilization of this phase is due to both the rapid cooling rate and
the presence of foreign ions into its structure. The addition of
alkaline cations and sulfur to the raw mixture has also promoted
α′H-C2S [31] stabilization in all belite clinkers, Table 3. It has to
be noticed that increasing contents of K2O and/or Na2O, for a
fixed SO3 content, favor α′H-C2S stabilization, with the
concomitant decrease of β-C2S percentage. This preferential
incorporation of alkaline cations into dicalcium silicate phases



Fig. 3. Comparison of the quantitative phase analysis of total C2S using
synchrotron and laboratory X-ray diffraction data.

Fig. 4. Selected range of the Rietveld plots for B_10NK (a) SXRPD pattern and
(b) LXRPD pattern. Peaks mainly due to a given phase have been labeled.
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was previously reported [11], although quantitative phase
analyses were not reported. High alkali-bearing belite clinkers
(B_05NK, B_10NK, B_10S15N and B_10S10NK) also contain
different amounts ofα-C2S [30], Table 3. The stabilization of the
highest temperature C2S polymorphs due to alkaline oxides has
been reported in a previous work [23] using selective dissolution
methodology and SXRPD. It is known that the role of K2O and
Na2O in phase stabilization is not the same. Na2O, in the
presence of sulfur, promotes higher amounts ofα′H-C2S andC3S
than K2O does, see Table 3. The formation of alkaline sulfates
strongly depends on the manufacturing process. In this study,
belite clinkers have been prepared in a static electric furnace,
thus the amount of minor phases, i.e. K2SO4 and/or K3Na(SO4)2
is small, see Table 3. At an industrial stage, the stabilization of
sulfate phases may be more important due to the gases and raw
materials ratio.

It was reported [13] that the stabilization of α-forms of C2S
could not be achieved by SO3 contents up to 1.5 wt.%. In this
work, the stabilization of 6.7(2) wt.% of α′H-C2S has been
accomplished only with 0.71 wt.% of SO3 in B_08S, see Table 2,
although α-C2S is not present in that sample, see Table 3. β-C2S
rate of hydration is slower than those of C3S and α-forms.
However, a lattice-disturbed doped β-C2S will improve
hydraulic activity [32]. Fig. 2 shows the refined β-C2S cell
volume as a function of final SO3 content. A slight expansion in
the cell volume with increasing sulfur content can also be
observed. β-C2S of sulfur-free belite clinkers (B_ref, B_05NK
and B_10NK) also present unit cell volume expansion due to
their alkaline content, although the extension of this enlargement
is smaller, see Fig. 2.

Belite clinkers synthesized in this work have the dosages to
contain more than 15 wt.% of C3S in order to provide relative
rapid setting and early strength development. It is well known [14]
that sulfur induces higher C2S formation while C3S content is
decreased. B_08S andB_10S05N containmore than 65.0wt.%of
total C2S, the highest ones, and the smallest amount of C3S, see
Table 3. These effectsmay produce a reduction in the compressive
strengths at very early ages. On the other hand, active belite
clinkers with high amounts of Na2O, see Table 2, B_10NK,
B_10S15N and B_10S10NK, contain more than 17.0 wt.% of
C3S, Table 3. The triclinic room temperature polymorph of C3S
[33] was used to model this phase in all the clinkers except for
B_ref, B_05NK and B_10NK, in which a mixture of triclinic and
monoclinic M3 [34] was required to properly fit the patterns. The
presence of sulfur avoids/minimizes the stabilization of M3–C3S
[35], see Table 3.

Stoichiometric C3A is cubic and does not present polymor-
phism. Nevertheless, the presence of foreign ions, especially
Na+, induces some structural modifications [36]. The pseudo-
polymorph orthorhombic-C3A [37] was only observed in belite
clinkers with high amounts of retained alkaline oxides, see
Table 2. In the remaining samples, cubic CII–C3A [37] or a
mixture of CII and orthorhombic C3A was used to quantify
calcium aluminate phases, see Table 3.

The iron rich perovskite phase, C4AF, was quantified with
the structural description reported by Colville and Géller [38].
C4AF is a member of the solid solution series Ca2(Fe2−xAlx)O5,
with x=1 and this phase was suitably fitted the Fe content at the
octahedral site fixed to 75% and, therefore, the tetrahedral site
was 75% occupied by Al. Another phase of this solid solution
was detected in the SXRPD patterns for all active belite
clinkers. This second phase was accounted for using an



Fig. 5. SEM photographs of polished sections of (a) B_ref and (b) B_08S.

Fig. 6. Selected range of the Rietveld plots for B_08S (a) SXRPD pattern and
(b) LXRPD pattern. Peaks mainly due to a given phase have been labeled. The
arrow highlights C3S texture effect in LXRPD pattern.
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aluminum-rich member of the solid solution series [39], which
has x=1.346, and it will be labeled hereafter C4AF-I.

3.3. Comparison of quantitative phase analysis using SXRPD
and LXRPD data

Table 3 shows, in addition to QPA results using SXRPD
patterns, the mineralogical composition for all belite clinkers
obtained by analyzing LXRPD data. Overall, it has to be
highlighted that synchrotron and laboratory X-ray results are in
quite good agreement.

Total C2S contents for all active belite clinkers obtained
using both types of data are presented graphically in Fig. 3. It is
noteworthy that this value is slightly overestimated using
LXRPD data, Fig. 3, with the concomitant underestimation of
C3S, Table 3. This effect is very likely due to peak overlapping
between these two phases. As an example to highlight this
overlapping, Fig. 4 shows the same region of SXRPD and
LXRPD Rietveld plots for B_10NK. As expected, the over-
lapping in the SXRPD pattern is smaller, which leads to more
accurate QPA results. Furthermore, it is also evident in that
figure that C3S has narrow diffraction peaks, conversely,
aluminates and C2S forms have much broader peaks. These
broader peaks are due to their microstructures with smaller
microparticle sizes and more defects in those particles. It must
be emphasized that all observed phases in the SXRPD were also
observed in the LXRPD patterns excepting C4AF-I, which was
not computed in the LXRPD analyses.
In order to avoid deviations in the results, all sources of error
during the refinements have to be carefully taken into account.
For instance, β-C2S and α′H-C2S present anisotropic peak
broadening which was corrected using the phenomenological
multi-dimensional distribution of lattice metrics approach [28]
in SXRPD data analysis and with the ellipsoidal correction
(STEC parameter of GSAS along [001]) in LXRPD refine-
ments. Preferred orientation or texture effects are minimized in
SXRPD data collection (rotating capillaries transmission
geometry) but they have to be considered when analyzing
LXRPD data (flat reflection geometry). This effect does not
affect the quantification of belite phases but for C3S it may
become significant, especially in sulfur-bearing clinkers.
Although C3S content is slightly lower in sulfur-containing
clinkers than in sulfur-free clinker, see Table 3, C3S particle
sizes are bigger in the former due to the predominance of crystal
growth over nucleation [35]. To graphically show this, Fig. 5
gives SEM photographs for polished pieces of pellets of B_ref
(a) and B_08S (b). Fig. 5(a) displays round particles of belite,
with white zones where the liquid phases have crystallized,
aluminates, and gray non-round particles are C3S with sizes
close to 10 μm. Fig. 5(b) also displays round particles of belite,
but the sizes of the C3S particles (almost perfect hexagonal
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shape) are much larger, even bigger than 25 μm. Very large
particles give easily texture effects in reflection geometry as
shown in Fig. 6, which displays the same region of the SXRPD
(a) and LXRPD (b) Rietveld plots for B_08S. The arrow in
Fig. 6 highlights the texture effect in LXRPD Rietveld plot,
which was corrected with the spherical harmonic correction [29]
using order =4. The texture index obtained was 1.3, a value of 1
for this parameter represents an ideal random powder whereas∞
would stand for a single crystal. The SXRPD pattern for B_08S
does not display preferred orientation as expected.

4. Conclusions

The activation of belite clinkers by stabilizing high temper-
ature (α′H and α) polymorphs of C2S has been achieved by
adding alkaline cations and/or sulfur. In addition to that, sulfur-
bearing clinkers contain β-C2S with bigger unit cell volumes.
The presence of alkaline oxides, Na and K, led to large amounts
of α-C2S in some cases larger than 25 wt.%. The joint exis-
tence of alkaline oxides and SO3 promotes large quantities of
α′H-C2S, but the presence of SO3 inhibits the crystallization of
α-C2S. Overall, Rietveld QPA from laboratory X-ray powder
diffraction data gave good results, as they are similar to those
obtained from high-resolution synchrotron X-ray transmission
data.
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