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Belite sulfoaluminate (BSA) cements have been proposed as environmentally friendly building materials, as their
production may release up to 35% less CO, into the atmosphere when compared to ordinary Portland cements.
Here, we discuss the laboratory production of three aluminum-rich BSA clinkers with nominal mineralogical
compositions in the range C,S (50-60%), C4A3$ (20-30%), CA (10%) and Cy,A; (10%). Using thermogravimetry,
differential thermal analysis, high temperature microscopy, and X-ray powder diffraction with Rietveld
quantitative phase analysis, we found that burning for 15 min at 1350 °C was the optimal procedure, in these
experimental conditions, for obtaining the highest amount of C4A3$, i.e. a value as close as possible to the nominal
composition. Under these experimental conditions, three different BSA clinkers, nominally with 20,30 and 30 wt.%
of C4A3$, had 19.6, 27.1 and 27.7 wt.%, C4A3$ respectively, as determined by Rietveld analysis. We also studied the
complex hydration process of BSA cements prepared by mixing BSA clinkers and gypsum. We present a
methodology to establish the phase assemblage evolution of BSA cement pastes with time, including amorphous
phases and free water. The methodology is based on Rietveld quantitative phase analysis of synchrotron and
laboratory X-ray powder diffraction data coupled with chemical constraints. A parallel calorimetric study is also
reported. It is shown that the 3-C,S phase is more reactive in aluminum-rich BSA cements than in standard belite
cements. On the other hand, C4A3$ reacts faster than the belite phases. The gypsum ratio in the cement is also
shown to be an important factor in the phase evolution.
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1. Introduction

The manufacture of Portland cement produces large amounts of
CO, due principally to the high calcite (CaCOs) content of the raw mix.
Moreover, it needs vast amounts of energy to grind the raw mixtures
and the final products. The combined decarbonation, thermal and
electrical-power CO, emissions may total as much as 0.97 tons of CO,
per average ton of Portland Cement (OPC) produced. Thus, the cement
industry contributes around 6% of all CO, anthropogenic emissions
[1,2]. Belite-rich cements were proposed as environmentally friendly
materials [3,4]. However, the activation of these cements is essential,
if they are expected to be used worldwide, due to their slow reaction
with water and, consequently, the low mechanical strengths
developed at early ages [5]. These disadvantages can be overcome in
two complementary ways: i) producing BSA cements, with C4A3$
[also named as Klein's salt] [6,7] and ii) stabilizing high temperature
belite polymorphs (a-forms) [8-11]. Recently, a class of iron-rich BSA
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cements has been proposed by Lafarge [12], in which activation is
promoted by both strategies already mentioned.'

BSA cements can be classified as belite-rich materials, containing
more than 50 wt.% of C,S, while OPC are alite-rich cements with more
than 60 wt.% of C3S [13]. This means that BSA cement production
demands less calcium and moreover, part of the calcium carbonate is
replaced by calcium sulfate in order to obtain C4As3$. BSA cement
manufacture in a modern cement plant can give CO, emission
reductions of up to ~35% per mass of cement produced, relative to
OPC, as a result of i) less limestone in the raw feed; ii) a lower burning-
zone temperature, (~1250 °C, as opposed to ~1450 °C for OPC and iii)
ease of cement grinding due to higher clinker porosity [14,15].

The most common formulation of BSA cements is C,S, C4A3$ and
C4AF [6,12,14,16,17]. These are iron-rich BSA cements produced at
~1250°C and they are characterized by rapid hardening, excellent
durability, self-stressing and volume stability, depending on the amount
of gypsum added [18]. Alternatively, in order to further enhance
mechanical strengths at very early ages, i.e. <1 day, C4AF phase may be
substituted by C;,A7, although an increase of ~100 °C in the maximum

! Cement nomenclature is used: C=Ca0, S =Si0,, A= Al,05, F=Fe,0s, §= SOs and
H=H,0.
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burning temperature is needed and the durability with respect to sulfate
attack is limited [19,20]. This formulation relies on the equilibrium
system C,S-C4A3$-C12A7-CA [21] where aluminate phases and C4A3$
are responsible for the early strength development, while the C,S
provides good secondary hardening. Cements from this chemical
system would combine calcium aluminate cement and sulfoaluminate
cement performances. Whatever the formulation proposed, some
questions about the clinker formation process remain open. For
instance, the avoidance of the formation of some non-hydraulic phases,
such as CAS or CsS,$ [22,23] at the expense of C4A3$.

BSA cement hydration is a complex process, but there is already a
significant amount of literature on the subject [24,25]. Therefore,
advanced techniques and chemical tools must be developed in order to
better understand BSA cements hydration. X-ray powder diffraction
(XRPD) is an appropriate technique to identify, quantify and characterize
the crystalline phase(s) involved in the hydration reactions. The
application of Rietveld methodology [26] to XRPD data in order to obtain
quantitative phase analyses (QPA) has been demonstrated for anhydrous
cement materials [27-31], including the quantification of the amorphous
fraction by adding a suitable standard [32]. Attempts to quantify the
hydration processes of cements using XRPD and the Rietveld method
have also been published in the last few years [33,34]. The results
obtained have shown the complexity of the hydration reactions
mechanism even for pure synthetic clinker phases [35]. This complexity
does not derive solely from the great variety of hydrated compounds,
amorphous and crystalline, but also because certain phases (AFm phases)
are difficult to quantify (and even to identify) due to their low crystallinity
and sometimes polytypism. Furthermore, variations in composition (e.g.
hydration degree) with the corresponding changes in their powder
patterns (both in the position and intensity of the peaks) may take place
during the hydration of the cements, mainly for aluminate hydrates [36].

In spite of the complexity of the hydration reactions, some details
about the hydration mechanisms in the system C4A3$-C$H,-H,0 are
well-established [37]. Furthermore, the hydration reactions of BSA
cement pastes at early stages, 24 h, have already been studied at
different temperatures (25, 55, 85 °C) by calorimetry and XRPD [25].
However, QPA of the hydrated compounds were not performed.
Despite the abundant literature on cement hydration, not all details of
the hydration process have been clarified yet, in particular, the
structural and chemical features of the first hydrous phases including
a detailed study of the different chemical reactions.

Here, we present a study of the clinker formation processes for
aluminum-rich BSA clinkers containing C,S, C4A3$, C12A7 and CA as the
main phases. We have determined the temperature and time of
residence in the kilns to obtain an appropriate phase assemblage by
X-ray diffraction jointly with the Rietveld method [26], among other
techniques. Moreover, this work reports the results of hydration of
aluminum-rich BSA cements. The hydration process of these BSA
cements has been followed by in-situ synchrotron and laboratory X-ray
powder diffraction [SXRPD, LXRPD], Rietveld methodology and chem-
ical constraints. This last study is carried out in order to determine the
hydration behavior in general and the role of gypsum, in particular. A
calorimetric study is also presented.

2. Experimental section
2.1. Material preparations

2.1.1. Synthesis of BSA clinkers

Table 1 gives the nominal dosages, expressed as oxide, of the raw
mixtures used to prepare the BSA clinkers. To fabricate those raw
mixtures, 25-30 wt.% of Kaolin (Aldrich), 3-9 wt.% of 'y-Al,03 (99.997%
AlfaAesar), 60-64 wt.% of calcium carbonate (99.95-100.05% AlfaAesar)
and 4-6 wt.% of pure gypsum were mixed. Theoretical mineralogical
composition and nomenclature of BSA clinkers are also given
in Table 1, where the numbers stand for the theoretical amounts of

Table 1
Nominal elemental composition of raw mixtures (expressed as oxides, wt.%) and
theoretical mineralogical composition (wt.%) of BSA clinkers.

Ca0 Sio, Al,0;  SO; GS  CGA$ CpA;  CA
BSA_60:20 5482 2093 2162 262 60 20 10 10
BSA_60:30 5430 2093 2084 394 60 30 5 5
BSA_50:30 5199 1744 26.64 394 50 30 10 10

-G5S and C4As$, for instance, BSA_60:20, means a clinker with 60 wt.%
of B-C,S and 20 wt.% of C4A3$, theoretical compositions. Raw materials
were mixed by hand in an agate mortar with the aid of absolute ethanol
and dried in an oven at 60 °C. This treatment was performed by
triplicate. Various raw materials mixtures were pressed into pellets
~20 mm in diameter weighing ~3 g. The pellets were placed into Pt/Rh
crucibles and calcined at 900 °C for 30 min after ramping up at a heating
rate of 5 °C/min. Then, the temperature was raised at the same rate to
the final temperature (1250 °C, 1300 °C or 1350 °C) and held for 15 or
30 min at the given temperature. Finally, the clinkers were quenched
from this temperature by opening the furnace and taking the crucibles
out and simultaneously applying air flow using a dryer. We obtained
~15 g of each clinker which were finely ground by hand with a tungsten
carbide mortar and pestle to pass through a 100 um sieve prior to
powder diffraction measurements.

2.1.2. Preparation of BSA cements

BSA cements were prepared by mixing selected BSA clinkers
(prepared as in section 2.1.1.) with different dosages of gypsum. The
added amounts of gypsum were: 5, 10 and 15 wt.% to BSA_60:20 and
BSA_50:30. The cements are hereafter labeled as CxBSA_60:20 or
CxBSA_50:30 where x =5, 10 or 15 stands for the percentage of gypsum
added to the clinkers. The Blaine parameters obtained for all cements
were: C5BSA_60: 20485 m?/kg, C10BSA_60: 20551 m?/kg, C15BSA_60:
20471 m?/kg, C5BSA_50:30423 m?/kg, C10BSA_50: 30502 m?/kg and
C15BSA_50: 30470 m?/kg.

2.2. Analytical techniques
2.2.1. Laboratory X-ray powder diffraction (LXRPD)

2.2.1.1. LXRPD for BSA clinkers. LXRPD data were recorded on an X'Pert
MPD PRO diffractometer (PANalytical) using strictly monochromatic
CuKa; radiation (A= 1.54059 A) [Ge (111) primary monochromator]
and working in reflection geometry (6/260). 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 X'Celerator RTMS (Real
Time Multiple Strip) detector, working in scanning mode with
maximum active length. Data for each sample were collected from
10° to 70° (260) 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 kV and 35 mA.

2.2.1.2. LXRPD for BSA cement pastes. LXRPD in-situ hydration study for
the CxBSA_60:20 (x=5, 10 and 15) and C5BSA_50:30 cements were
performed at the application laboratory of PANalytical in Almelo (The
Netherlands) with an X'Pert PRO MPD diffractometer in transmission
geometry with 6/0 goniometer, using CuKa; , radiation (A= 1.5418 A)
and using a focusing X-ray mirror. This optical component is able to
transform the divergent X-ray beam from a tube in line focus position to
an intense beam that focuses onto the goniometer circle. The optics
configuration was a fixed divergence slit (1/2°), a fixed incident
antiscatter slit (1/2°), a Nickel filter of 0.020 mm in the diffracted
beam path and a PIXcel RTMS (Real Time Multiple Strip) detector,
working in scanning mode with full active length. Each pattern was
collected from 5° to 55° (26) in repetition mode (three times) with total
duration of ~0.4 h at selected times of hydration. The samples were
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rotated during data collection at 16 rpm in order to enhance particle
statistics. The X-ray tube worked at 45 kV and 40 mA. Small batches of
cement pastes were prepared by hand-mixing 0.10 g of cement with
0.05 g of water, and immediately spread between two Kapton foils in the
sample holder. The actual size of the paste samples was ~10.0 mm
diameter x ~0.3 mm thickness.

2.2.2. Synchrotron X-ray powder diffraction

SXRPD in-situ hydration studies were performed on the BMOS [Italian
CRG “GILDA”] beamline of the European Synchrotron Radiation Facility,
ESRF (Grenoble, France) in Debye-Scherrer (transmission) configuration
for C10BSA_50:30. An image plate (IP) detector [38] was used working in
two configurations: i) Translating mode (for the first 4 h of hydration):
the IP moves behind two slits with a constant speed and the diffraction
pattern is recorded as a function of time. The slits select a vertical slice of
the diffraction rings. The translation speed and the slit size can be chosen
to fit the experimental requirements. The distance from IP to the sample
was 217.0 mm. ii) 2D pattern (for later ages, i.e. >4h): the slits are
removed and the whole diffraction rings are collected during 5 min. The
images recorded (in both configurations) in the IP detector were
recovered using a Fuji BAS2500 laser scanner (16 bit/pixel with a
minimum pixel size of 50x50 um). The SXRPD patterns obtained in
translating mode were extracted in 5 min slices using original software
available at BMO08. Powder patterns from 2D images were obtained by
integration of the rings using FIT2D software [39]. The wavelength
used was A=0.6888 A (18.00 keV) and calibrated with Si NIST (a=
5431195 A). C10BSA_50:30 paste was prepared ex-situ by mixing
cement with water at w/c=0.5 and was immediately loaded in a
cylindrical polycarbonate sample holder (15.0 mm diameter x 1.2 mm
height) covered over both sides with Kapton slices. The sample holder
was spun during data collection to improve the particle statistics and
hence to obtain good QPA. The temperature within the experimental
hutch was 20+ 2 °C.

2.2.3. XRPD data analysis

LXRPD patterns of clinkers were analyzed by the Rietveld method
with GSAS software package [40] by using a pseudo-Voigt peak shape
function [41] with the asymmetry correction included [42]. The
refined overall parameters were: background coefficients, cell para-
meters, zero-shift error, peak shape parameters and phase fractions.
The structural descriptions used for fitting the anhydrous crystalline
phases within the clinkers are given in Table 2 (including the
Inorganic Crystal Structure Database, ICSD, collection codes).

SXRPD and LXRPD patterns of cement pastes were analyzed by the
Rietveld method with X'Pert Highscore Plus software from PANaly-
tical B.V,, version 2.2d. The refined overall parameters were: cell
parameters, zero-shift error, W (Gaussian contribution) peak shape
parameter and phase fractions. Background function was manually
established using the base point tool of the software. Peak shapes

Table 2
Bibliographic information and ICSD collection codes for all anhydrous crystalline
phases.

Reference ICSD code
B-CoS [43] 81096
v-CoS [44] 200707
C4As$ (ort) [45] 80361
C4A3$ (cub) [46] 9560
CA [47] 260
Ci2A7 [48] 241243
CA, [49] 16191
CA [50] 1841
C,AS [51] 31235
C [52] 61550
c$ [53] 16382

Table 3
Bibliographic information and ICSD collection codes for all hydrated crystalline phases.
Reference ICSD code

C$H, [54] 151692
AFt [55] 155395
AFm-12 [C4A$H; ;] [56] 100138
CAHy [57] 407150
C,AHg See text -
AH; [58] 6162
C,ASHg [59] 69413

were fitted by using the pseudo-Voigt function [42]. Table 3 gives the
bibliographic references and ICSD collection codes for the structural
descriptions of all hydrated crystalline phases.

2.2.4. High temperature microscopy (HTM)

The thermal behavior of BSA raw materials was analyzed by high
temperature microscopy (HTM). The BSA_60:20 raw mix was selected
to perform this study on a Leica (Wetzlar, Germany) system with
automatic image analysis (EMI-version 1.5). The temperature was
varied from RT up to 1525 °C at a heating rate of 5 °C/min.

2.2.5. Thermal analysis

Thermogravimetric and differential thermal analyses (TG-DTA)
were performed on raw mixtures using a Netzsch STA 409 equipped
with TASC 414/2 controller. The temperature was varied from RT up to
1450 °C at a heating/cooling rate of 5 °C/min with a flux of air.

2.2.6. Scanning electron microscopy (SEM)

Pieces of clinker pellets were examined using a JEOL SM 840
scanning electron microscope. The samples were metalized by gold
sputtering for better image definition.

2.2.7. Isothermal calorimetric study

The isothermal calorimetric study was performed for C5BSA_60:20,
C10BSA_60:20, C5BSA_50:30 and C10BSA_50:30 in an eight channel
Thermal Activity Monitor (TAM) instrument using glass ampoules.
Pastes were prepared by mixing ~6 g of cement with water ata w/cratio
of 0.5, and the heat flow was collected up to 110 h at 20 °C.

3. Results and discussion
3.1. Determination of temperature and time for clinkering

Fig. 1a and b shows, respectively, the TG and DTA curves for
the BSA_60:20 raw mix, (selected as an example). Fig. 1a shows
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Fig. 1. Thermogravimetric (a, left) and differential thermal analysis (b, right) curves for
BSA_60:20 raw mixture. Main effects are highlighted and discussed in the text.
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Fig. 2. High-temperature microscopy plot showing area changes of the projected
cylinder image of BSA_60:20 raw mixture as a function of temperature.

decarbonation as the main weight loss, as expected Fig. 1b displays a
number of thermal effects. Two small endothermic peaks,
corresponding to a weight loss resulting from the dehydration of
gypsum and dehydroxylation of kaolin, are observed at ~100 °C and
~500 °C, respectively (points 1 and 2). The theoretical weight losses due
to gypsum and kaolin are 0.8 and 3.9wt.%, respectively, while the
experimental values were 0.7 and 3.8 wt.%. The strong endotherm at
~800 °C (point 3), with an associated weight loss of 27.2 wt.%, is due to
the decomposition of CaCOs, (the theoretical value was 27.7 wt.%). The
sharp exothermic peak at ~940 °C (point 4) corresponds to the
coordination change of aluminum in meta-kaolin (amorphous) during
its transformation into a spinel-like transient phase prior to the
formation of mullite [60,61]. Finally, the curve includes another small
endothermic peak at ~ 1440 °C (point 5). This last effect corresponds to
the o'y — a belite transformation upon heating [62]. This peak is within
a large downward trend likely due to partial melting of the aluminate
phases and also to C4As$ partial decomposition.

Fig. 2 shows one of the results obtained in the HTM study. The
graph represents area changes of the projected cylinder image as a
function of temperature for BSA_60:20 raw mixture. We observed a
contraction of the sample between 850 and 950 °C due to the
decomposition of CaCO; and the formation of the corresponding
oxide. Between 950 and 1150 °C a significant expansion took place,
presumably due to the occurrence of expansive chemical reactions
likely related to the formation of calcium aluminates [4]. Between
1150 and 1300 °C, the area stays relatively constant. Finally, a sharp
decrease of the projected area is observed above ~1300 °C due to
sintering processes and possibly to the undesirable formation of a
significant amount of liquid phase.

3.2. Rietveld quantitative phase analysis (RQPA) of BSA clinkers

BSA clinkers are complex materials due to the presence of many
crystalline phases and, moreover, some of these components display
polymorphism. Table 4 shows RQPA for BSA_60:20 clinker at different
temperatures and times of residence at that temperature, as well as the
Rietveld agreement factor for the refinements. Rietveld results are
normalized to 100% of crystalline phases (ie. the presence of an
amorphous/non-diffracting fraction is not taken into account). Inspecting
the datain Table 4, it has to be highlighted that the percentage of free lime
is lower than 2wt.% for all tests. This fact indicates that the main clinker
formation processes are finished at ~1250 °C. However, at this
temperature (1250 °C) the amount of C4A5$ is lower than that obtained
at 1350 °C, so the production of these BSA clinkers should be between

Table 4

Rietveld quantitative phase analysis results of BSA_60:20 clinker, at different
temperatures and times of clinkering, in wt.% obtained from LXRPD data. Agreement
factors (Rwp) for the final refinements are also given.

1250°C 1300 °C 1350°C

15 min 30 min 15 min 30 min 15 min 30 min
p-CS 57.0(1) 53.8(1) 54.8(1) 54.8(1) 55.8(1) 57.3(1)
C4A5$ 17.0(1) 16.8(1) 18.3(1) 18.5(1) 19.6(1) 19.0(1)
Ci2A7 13.2(1) 14.6(1) 15.2(1) 14.7(1) 13.5(1) 14.7(1)
CA 4.2(2) 1.9(1) 2.0(1) 1.9(1) 44(2) 5.4(1)
C,AS 5.2(1) 9.8(1) 7.8(1) 7.5(1) 43(1) 1.5(1)
CA, 1.6(1) 0.4(1) - - - -
Ca0 0.8(1) 1.4(1) 0.7(1) 0.7(1) - -
v-CS - - - 0.6(1) 1.9(1) 2.1(1)
CA 1.1(1) 1.3(1) 1.2(1) 1.3(1) 0.5(1) -
Rwp/% 7.3 6.7 6.5 6.9 6.2 6.2

1300 and 1350 °C. On the other hand, all the tested procedures yielded
clinkers with non-negligible percentages of gehlenite (C;AS). GAS is
described as intermediate phase in the mechanism of formation of these
clinkers [63,64]. In reference [65], a factor P, (= A/$), was defined, and it
was stated that clinkers with P=3.82 or lower at 1300 °C do not contain
C,AS but those with P over 3.82 may have some. Furthermore, gehlenite
can remain above 1200 °C[66] in calcium aluminate cements (CACs). The
Pvalues for clinkers BSA_60:20, BSA_60:30 and BSA_50:30 are 8.3,5.3 and
6.8, respectively. Consistent with the above references, C,AS was
observed in all of these clinkers.

Small amounts of the low-temperature polymorph of dicalcium
silicate, y-C,S, were also found. This phase is formed on cooling by the
polymorphic transformation, R-C,S— -G5S, but it is hydraulically
inactive and therefore its presence is undesirable in clinkers. The
formation of -GS is enhanced by i) prolonged holding times at high
temperatures, i) low cooling rates and iii) the absence of foreign ions such
as sodium or potassium [13] which could stabilize the p-form. The
presence of y-C,S phase in these laboratory BSA clinkers is associated
mainly with iii). Final clinker mineralogical compositions were almost the
same for the two high temperature holding times tested, so the shorter
time would be the best option in practice for obvious environmental and
economic reasons. Fig. 3 shows the Rietveld plot for BSA_60:20 prepared
at 1350 °C for 15 min as an example, with the major peaks for each phase
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Fig. 3. Selected range of the Rietveld plot for BSA_60:20 clinker. Dots are the experimental
scan, solid line is the calculated pattern and the bottom line is the difference curve. The
major peaks for each phase are labeled.
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Table 5

Quantitative phase analysis results (wt.%) for the clinkers obtained at the final conditions
(1350 °C for 15 min) determined from the Rietveld study. Nominal (expected) composi-
tions are given in italics for comparison. Agreement factors (Ryp) for the final refinements
are also given.

Phases BSA_60:20 BSA_60:30 BSA_50:30

B-C,S 55.8(1) 60 59.5(1) 60 52.1(1) 50
C4A5$ 19.6(1) 20 27.7(1) 30 27.1(1) 30
CioA; 13.5(1) 10 8.1(1) 5 3.0(1) 10
CA 4.4(2) 10 1.6(1) 5 52(1) 10
C,AS 43(1) = 0.5(1) = 1.8(1) =
CA; - - 0.7(1) - 2.8(2) -
CA 0.5(1) = 1.1(1) = 8.0(1) =
-GS 1.9(1) = 0.9(1) = = =
Rwp/% 6.2 6.2 7.4

labeled. RQPA, HTM and TG-DTA results show that 15 min at 1350 °Cis an
appropriate burning condition for making these aluminum-rich BSA
clinkers. To avoid the decomposition of Klein's phase, the clinkering
temperature should not be higher than 1350 °C [67].

Two other BSA clinkers, BSA_60:30 and BSA_50:30, were prepared
following the procedure determined above: 15 min at 1350 °C. The
elemental and theoretical mineralogical compositions are given in
Table 1. RQPA were performed for these two clinkers in order to
follow the clinker formation process — see Table 5. The percentages of
main phases (C,S and C4A3$) were quite close to the expected values,
although some minor mineralogical components were also observed
in all of these clinkers.

The main objective of this study is to obtain “environmentally-
friendly” clinkers. The methodology proposed here to manufacture these
aluminum-rich BSA clinkers reduces CO, emissions from the reduction
of calcite in the raw feed. For the production of a ton of an ordinary
Portland clinker with 60 wt.% of C3S, 20wt.% of C5S, 12wt.% of C4AF and
8wt.% of C3A, 1.2 tons of calcite are used releasing 0.53 tons of CO, into
atmosphere. The production of the BSA clinkers proposed in this study,
i.e. BSA_60:20, BSA_60:30, BSA_50:30, needs 0.95, 0.92 and 0.88 tons,
respectively, of calcite. The reductions of CO, arising from the
decarbonation of calcite, compared to that of OPC, are 20.8, 24.5 and
26.4wt.%, respectively. These numbers arise only from the reduction of
the amount of calcite used in the process, but in parallel, there are similar
reductions in the amount of fuel required for this highly endothermic
reaction. Furthermore, the reduction of 100 °C in the clinkering
temperature will permit a small reduction of CO, coming from fuel as
a result of reduced kiln shell heat losses. Another aspect to be borne in
mind is the milling processes of clinker. It is known that belite-rich
clinkers without C4As$ are more difficult to mill than ordinary Portland
clinkers [2]. However clinkers with Klein's salt are often more porous,
due to the negligible/small amount of liquid phase formed in the burning
process, and easier to grind [68,69]. We have performed a SEM study of
pieces of clinker pellets (without milling) in order to examine the
texture of the clinkers. Fig. 4 shows the SEM photographs of (a) a belite-
rich clinker [10] and (b) BSA_50:30, prepared under the conditions
detailed in this work. From these images, it is clear than BSA clinkers are
more porous than belite-rich clinkers, which should favor their
grindability, as already reported [68,69].

3.3. Rietveld quantitative phase analysis (RQPA) of cement pastes

All hydrated cements were measured continuously during the first
hours of hydration. After that time, isolated patterns were collected to
study later ages. Fig. 5 shows, as an example, the time-resolved LXRPD
patterns for C5BSA_60:20 paste during the first 8h [20 patterns
collected each 24 min (8 min/patternx 3 repetitions)]. In these first
hours of hydration, some changes in the phase assemblage were
observed. For instance, the diminution of Klein's salt and the
appearance of ettringite can be observed, and their diffraction peaks
are labeled with a plus symbol and an asterisk, respectively. Initially
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Fig. 4. SEM photographs for (a) belite-rich clinker and (b) BSA_50:30 clinker.

C,AHg was also formed, but at later ages it starts to react and finally
disappears. This evolution with time is highlighted by a dashed line in
Fig. 5. All the patterns were analyzed in order to identify the
mineralogical phases that were appearing, and RQPA was performed
for selected times of hydration. Tables 6-9 give the direct Rietveld
results for all the cement pastes studied. In these tables, initial
anhydrous phase assemblages are included, (tp). All the cements
contain Ci»A; which reacts very quickly, as expected. On the other
hand, C4As$ and CA hydration Kinetics are relatively slow. C;AS does
not react with water at room temperature, and R-C,S phase is
hydraulically inactive at early ages. As a consequence, their percen-
tages should be invariable. RQPA percentages for 3-C,S and C,AS
appear to increase with time, (Tables 6-9). However, it should be
noted that RQPA results are normalized to 100wt.% of crystalline
phases.

Three main points characterize the hydration process: i) disappear-
ance of crystalline anhydrous phases; ii) appearance of both amorphous
and crystalline hydrate phases; and iii) diminution of free water. Since
RQPA results are normalized to 100wt.% of crystalline phases, the
percentages of slowly-hydrating anhydrous phases such as p-GCS,
appear to increase during hydration due to the overall decrease of
crystalline phases within the probed volume. Hence, in order to fully
extract all the information about the hydration of cement pastes, the
direct RQPA results need to be normalized to include the amorphous
phases and free water. The methodology used here is based on the
assumption that one crystalline phase remains unreacted from one
powder pattern to the next. At early ages 3-C,S is assumed not to react, so
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Fig. 5. Time-resolved LXRPD raw data for C5BSA_60:20 cement hydration during the first hours. The inset shows an enlarged selected region (7-11°/26) for the same composition.
Ettringite and Klein's salt main diffraction peaks are labeled with an asterisk and plus symbol, respectively. C;AHg evolution with time is highlighted by a dashed line.

Table 6
Direct RQPA results for the hydration of C5BSA_60:20 paste from LXRPD data.
to tos 22 ta2 te.2 tg2
0.0h 0.6 h 22h 42h 6.2h 82h
p-CS 55.1(1) 53.8(3) 54.4(3) 57.0(4) 59.3(4) 60.5(4)
C4A3$ 18.6(1) 18.7(2) 18.3(2) 16.8(2) 14.7(2) 14.9(2)
Ci2A7 16.3(1) 13.1(2) 7.9(2) 1.3(2) 1.4(1) 1.4(2)
CA 3.4(1) 3.2(2) 2.4(1) 1.5(1) 1.1(1) 1.2(1)
C,AS 1.6(1) 1.0(1) 1.4(1) 2.7(1) 3.0(2) 3.2(2)
CS$H, 5.0(-) 1.6(1) - - - -
AFt - 8.6(2) 14.1(3) 14.9(2) 16.2(3) 16.2(3)
AFm-16 - - 0.4(1) 1.7(2) 1.2(2) 0.3(1)
C,AHg - - 1.2(2) 4.0(2) 3.0(2) 2.3(3)

[3-C5S percentage and Rietveld results are used to infer the amounts of the
other phases that are reacting. However, this assumption is not true at
later ages, e.g. later than ~30 h for C10BSA_50:30 paste. Therefore, we
have adopted an alternative methodology to carry out the normalization
of the RQPA for C10BSA_50:30. After inspecting direct RQPA for this

paste, Table 9, C,AS phase, which is hydraulic inactive, has been assumed
to be constant to normalize data after 33.8h. Once the percentage of a
reacting phase is obtained, the stoichiometric reactions are considered.

3.4. Normalization of RQPA results

The normalization procedure given just below was performed on
four cement pastes, one measured with SXRPD and three with LXRPD.
As this is a new methodology, it is advisable to start using a technique
with lowest associated errors, i.e. high resolution penetrating
synchrotron X-ray powder diffraction, which overcomes most of the
drawbacks of LXRPD [27]. However, once the methodology is
established it can be extended to laboratory X-ray powder diffraction,
a much more accessible technique.

The initial (t=0.0 h) phase assemblage of each cement paste is
66.7wt.% of anhydrous cement and 33.3wt.% of free water (w/c=0.5).
Figs. 6-9 show the normalized Rietveld results for all the cements studied.
The normalization was performed step by step from a certain hydration
time to the following one. To do so, two sets of data are considered in each
step: normalized phase assemblage at t, (including free water and
amorphous phases) and direct Rietveld phase assemblage at t,, were x

Table 7
Direct RQPA results for the hydration of C10BSA_60:20 paste from LXRPD data.
to o7 tizy by 32 52 ts7 tia2 tis2
0.0h 0.7h 1.7h 2.7h 32h 52h 8.7h 142 h 152 h
B3-S 52.1(1) 50.4(4) 49.5(4) 49.5(4) 50.0(4) 51.6(4) 51.5(4) 51.4(4) 51.9(4)
C4As$ 17.6(1) 17.5(3) 14.8(2) 12.5(1) 11.9(2) 12.0(2) 122(2) 12.0(2) 12.1(2)
[ 15.5(1) 12.4(2) 3.4(2) 22(2) 1.8(2) 1.7(1) 1.9(2) 2.0(2) 2.0(2)
CA 32(1) 2.6(2) 2.1(2) 1.6(2) 1.7(2) 1.3(1) 1.8(2) 22(2) 2.1(2)
CAS 1.5(1) 0.9(1) 1.7(2) 24(2) 2.5(2) 1.9(1) 1.9(1) 22(1) 1.9(1)
CS$H, 10.0(-) 5.9(2) 1.4(1) 12(1) 1.4(1) 1.6(1) 1.5(1) 1.7(1) 1.8(1)
AFt - 10.3(2) 25.2(3) 27.8(3) 28.0(3) 28.9(3) 29.0(3) 28.4(3) 28.1(3)
AFm-16 - - 0.7(2) 1.1(4) 0.9(3) 0.5(1) - - -
C,AHg - - 13(1) 1.8(3) 1.9(3) 0.5(2) 0.2(1) 0.2(1) 0.2(1)




M.C. Martin-Sedefio et al. / Cement and Concrete Research 40 (2010) 359-369 365
Table 8
Direct RQPA results for the hydration of C5BSA_50:30 paste from LXRPD data.
to tos tis b1 Lo 78] tis3 tieo
0.0h 0.5h 13h 2.1h 29h 41h 153 h 16.9h
B-CoS 50.0(1) 443(3) 455(3) 463(3) 452(3) 465(3) 53.7(4) 53.6(3)
CahAs$ 25.4(1) 25.8(3) 25.5(3) 25.7(3) 26.6(3) 26.4(3) 202(3) 20.5(3)
C12A7 9.0(1) 5.8(2) 42(2) 2.9(2) 1.9(2) 0.8(1) 0.5(1) 0.4(1)
CA 41(1) 46(2) 4.0(2) 41(2) 39(2) 3.0(2) 1.4(1) 1.5(1)
CsA 2.3(1) 1.6(2) 2.1(2) 2.1(1) 1.8(1) 1.6(1) 1.1(1) 1.0(1)
CoAS 2.7(1) 2.1(1) 2.4(2) 2.7(2) 2.6(2) 2.7(2) 3.6(2) 3.7(1)
CA, 1.6(1) 1.1(2) 1.1(2) 1.0(2) 1.0(2) 1.1(2) 0.7(2) 1.0(2)
C$H, 5.0(-) 0.6(1) 0.3(1) = = = = =
AFt - 13.7(4) 14.4(4) 14.0(3) 15.1(4) 15.4(4) 16.6(4) 16.1(4)
AFm-16 - - 0.3(1) 0.3(1) 0.6(1) 0.6(1) 0.5(1) 03(1)
C,AHg = = 0.3(1) 0.8(1) 1.3(1) 1.9(1) 0.6(2) 0.8(2)
CAHo - - - - - - 1.3(1) 1.2(1)
Table 9 L . .
Direct RQPA results for the hydration of C10BSA_50:30 paste from SXRPD data. hour ettringite (AF.t) is the only c1tystallme. hydrate observed to form,
presumably according to the following reactions:
to too t3s t7s tss t33s ts7.6
0.0h 09h 38h 7.8 h 85h 338h 576h C,A; + 12C$H, + 113H—4C,A$;Hy, + 3AH, (1)
B-CoS 47.3(1) 46.1(4) 449(3) 455(3) 46.7(3) 43.4(4) 44.0(3)
CiAs$  240(1) 229(3) 21.1(2) 20.7(2) 34(2) 28(2) 3.0(2) 3CA + 3C$H, + 32H—4C,A$,H,, + 2AH, )
C12A7 86(1) 44(1) 17(1) 08(1) - - - = :
CA 39(1) 40(2) 38(2) 26(2) 08(1) 04(2) 03(2)
CsA 22(1)  04(1) 04(1) 04(1) - _ - C,A;$ + 2C$H, + 34H—CA$;H;, + 2AH, (3)
C,AS 25(1)  23(1)  19(2) 21(1) 33(2) 33(2) 32(2)
ChAy 15(1)  13(3)  16(2) 13(2) 1203) - - As mentioned above, the amounts of C;,A7, CA and C4As$ reacting
CSH; 100(-) 25(1) -~ 08(1) ~ 07(1) - N N were calculated on the assumption that B-C,S percentage remained
AFt - 16.0(3) 23.8(3) 24.8(3) 32.1(4) 32.6(4) 32.8(4) . . . . .
AFm-16 - _ _ _ 331)  112) - invariant. So, the ratio between crystalline phases at the same hydration
AFm-12 - = = = 12(1)  15(2) 15(2) time must be constant and it is mathematically expressed in (4):
AFm-14 - - - - 39(2)  39(2) 4.0(2)
GAHg - - - - 1201 18103 - B-GS(tos)r _  B—GCS(to)n 4
AH; = = = = 22(1)  19(1)  1.7(1) Aluminate(t = Aluminate(t.)« — X 4)
CASHs - B B B - 87(2) 95(2) uminate(tyg)g uminate(ty)y
C$H,

and y stands for hours of hydration and always x<y. For example, to
obtain normalized RQPA at ty for C5BSA_60:20, normalized RQPA at tg
(the previous time) is used. Thus, normalized phase assemblage at ty is:
36.7wt.% of B-C5S, 12.4wt.% of C4A3$, 10.9wt.% of C1,A7, 2.3wt.% of CA,
1.1wt.% of GAS, 3.3wt.% of gypsum and 33.3wt.% of free water. On the
other hand, ty ¢ direct Rietveld results are given in Table 6. During the first
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Fig. 6. Normalized quantitative phase analysis results for CSBSA_60:20 paste up to 8.2 h
from LXRPD data.

where 3-C,S(tp5)r and aluminates(tyg)g stand for Rietveld percentages
of B-C,S, and C;2A7, CA or C4A3$ phases, respectively, at 0.6 h (Table 6).
On the other hand, R-C,S(tg)n and aluminates(ty)y stand for percen-
tages of these phases at normalized to, and X is the amount of aluminate
reacted at 0.6 h. In this example, X was 1.9 for C;,A7, 0.1 for CAand —0.3
for C4As$. The (small) negative value for C4As$ indicates that this phase
does not react during this time. Thus the total amount of water reacting,
considering only Egs. (1) and (2), was 2.4wt.%. These first reactions
assume that AHs is formed. However, crystalline AH; was not identified
by XRPD. In literature this phase is often reported to be based on
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Fig. 7. Normalized quantitative phase analysis results for C1I0BSA_60:20 paste up to
15.2 h from LXRPD data.
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Fig. 8. Normalized quantitative phase analysis results for C5BSA_50:30 paste up to
16.9 h from LXRPD data.
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Fig. 9. Normalized quantitative phase analysis results for C10BSA_50:30 paste up to
57.6 h from SXRPD data.

hydrous alumina using the term “AHs” [66] and it is considered as ill-
crystallized or amorphous phase at early stages. Therefore, using
stoichiometric constraints and the X value previously calculated, the
total amount of amorphous AHs derived in this step was 0.6 wt.%. Finally,
to re-normalize at ty g, direct Rietveld results are recalculated to include
30.9wt.% (33.3wt.%-2.4wt.%) of free water and 0.6 wt.% of amorphous-
AHs. This strategy was followed to normalize each RQPA results, for
C5BSA_60:20 up to tg>. Fig. 10 shows the Rietveld plot for C5BSA_60:20
at t4-, as an example of a cement paste. Main diffraction peaks of AFt,
C4A3$ and B-C,S are labeled.

In the acceleration period, when gypsum is consumed or a passive
precipitate of other phases cover the particle surfaces, the formation
of ettringite is stopped and the following hydration reactions start to
take place:

CpA; + SIH—6C,AH, + AH, (5)
2CA + 11H—C,AH, + AH,4 (6)
2C,A + 27TH—C,AHg + C,AH,, (7)
C,A;S + 18H—C,AS$H,, + 2AH, (8)
C,A;S + 22H—C,AS$H, ¢ + 2AH, (9)
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Fig. 10. Selected range of the LXRPD Rietveld plot for C5BSA_60:20 paste after 4.2 h of
hydration. Dots are the experimental data, solid line is the calculated pattern and the
difference curve is given at the bottom. The major peaks for each phase are labeled.

Additionally, CAH,o appears in the C5BSA_50:30 cement pastes at
later ages, which we assume is due to the following reaction:

CA + 10H—CAH,, (10)

C4A$H,, and C4A$H;e, hereafter named as AFm-12 and AFm-16,
respectively, belong to an isostructural group of compounds (AFm-
phases). These compounds have a layer structure with general
formula [CaAl(OH)g]X-xH,0 where X denotes one formula unit of a
singly charged anion (for instance OH™) or half a formula unit of a
doubly charged anion (for instance SO ) placed within the interlayer
space jointly with water molecules. The presence of phases with
different layer spacings is justified twofold: i) by the partial anion
replacement OH™/SO7~ within the AFm phases; and ii) by the
progressive release of the water molecules as a consequence of the
hydration of other phases. For instance, AFm-12 interlayer spacing is
variable between 8.2 and 8.9 A since it forms a solid solution where
the SO3~ groups may be partly replaced by OH™ anions. After several
hours of hydration, C4A$Hq4 (AFm-14) also appears, presumably by
dehydration of AFm-16, see Eq. (11). On the other hand, 3-C,S starts
to react but does not simply react with water, as portlandite does not
appear. Instead, it reacts with gibbsite to yield stratlingite (CoASHg)
according to reaction (12). It must be noted that gehlenite itself is
thought not to hydrate as its direct RQPA content increases with time.

C,ASH,i—C,A$H , + 2H (11)

C,S + AH; + SH—C,ASH; (12)

The crystal structure published in [56] for AFm-12 has been used to
fit and quantify AFm-14 and AFm-16 phases by adjusting their c-values.
CAH;p phase has been quantified using the structural description
published in [57]. Fig. 11 shows the low angle region of the SXRPD
Rietveld plot for C10BSA_50:30 cement at t33 5. Main peaks in this region
have been labeled including the basal d-spacings. AFm-12, AFm-14 and
AFm-16 have the interlayer d-spacings at 8.3, 9.5 and 10.3 A,
respectively [13]. It is also well known that C;AHg is an AFm-type
phase with an interlayer d-spacing close to 10.7 A[70,71]. We have used
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Fig. 11. Low angle detail of the SXRPD Rietveld plot for C10BSA_50:30 paste after 33.8 h
of hydration. Dots are the experimental data, solid line is the calculated pattern and the
difference curve is given at the bottom. Individual patterns, from each crystalline phase,
have been included and labeled.

the crystalline phase ratios to elucidate the reactivity of C;,A7, CA and
C3A to form C,AHg according to Egs. (5), (6) and (7) and C4A5$ to form
AFm-12 or AFm-16 according to (8) and (9) reactions.
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Fig. 12. Selected range of calorimetric heat flow and overall evolved heat curves for the
studied pastes.

C,AHg is a metastable AFm-type phase and there is no full
structural description available. To fit the diffraction peaks arising
from this phase, we have used an average hexagonal structural
description, s. g. P6;22, with a=b=5.7880 A and c=64.5018 A, to
be reported elsewhere. This structure has been obtained by SXRPD
ab initio structure determination from a sample with other crystalline
phases. We have to highlight that two hydrate aluminates are formed
in reaction (7), C;AHg and C4AH 9. X-ray patterns of these two phases
are almost coincident, so we have quantified both as one phase, with
C,AHg stoichiometry. The amount of C;AHg increases slightly with
time, reaching a maximum for C5BSA_60:20 at t3 g. However, higher
hydration times produce a decrease of its content, disappearing
completely at later ages.

To conclude the normalization, it is necessary to mention that the
determined crystalline percentages of AFm-type phases by Rietveld
method are smaller than those derived from the consumption of
Ci2A7, CA, C3A or C4As3$. Therefore, amorphous calcium aluminum
hydrates of unknown composition, written generically as C-A-H, have
to be included from this indirect observation [72].

The formation of AFm-type phases has been also confirmed by
calorimetric studies. Fig. 12 shows a selected range (0-20h) of the heat
flow (power) and overall heat evolution (enthalpy) curves for the four
studied pastes. Signal for the first 45 min of hydration were not
recorded due to experimental requirements for stabilization. The main
acceleration period starts between 1 and 3 h after mixing. Two broad
power peaks are observed for all pastes in the interval from 1 to 10h.
The first broad signal is likely associated with ettringite and C-A-H gel
formation. The remaining signals (in the 5-7h interval) are likely
related to C-A-H gel and AFm-type phases formation. The overall heat
evolved for C5BSA_60:20, C10BSA_60:20, C5BSA_50:30 and
C10BSA_50:30 cements for 110h were: 232, 215, 277 and 244 ]/g,
respectively. For any given clinker, a decrease of the total heat evolved
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Fig. 13. Evolution of (a) ettringite and (b) C;AHg in the indicated pastes.
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Fig. 14. Low angle detail of LXRPD patterns for (a) C10BSA_50:30 paste and (b) C5BSA_50:30
paste, at 4.2 h. Main peaks for AFt and C,AHg phases have been labeled. The arrow highlights
the absence of C,AHg phase in (a).

at a give time is observed when the amount of added gypsum
increases. This behavior is probably mainly due to the reduction in the
content of anhydrous cement phases if more gypsum is added. On the
other hand, all of these cements show higher hydration enthalpies
than a typical belite-rich cement (with no C4A3$ but with some C3S)
which was slightly lower than 190 J/g at 6 days (144h) [10].

The effect of the amount of added gypsum on the hydration process
was also investigated. To do so, C15BSA_60:20 paste was also prepared
and studied. Fig. 13a and b shows the ettringite and C;AHg phase
evolutions with the time for C5BSA_60:20, C10BSA_60:20, and
C15BSA_60:20 cements. Ettringite formation is favored in cement
with 15wt.% of gypsum added, according to reactions (1), (2), and (3),
shown above; conversely, the amount of C;AHg is higher in the cements
with less gypsum. Related to this behavior, Fig. 14a and b shows the low
angle region of the LXRPD patterns for C10BSA_50:30 and C5BSA_50:30
at t4,, respectively. Even the most intense diffraction peak of C;AHg
phase is barely visible in the cement with 10wt.% gypsum.

Finally, after the quantitative phase analysis and the normalization
step, the degree of reaction of selected phases can be calculated at a
given time according to (13). Table 10 shows the degree of reaction
for selected phases at early ages (up to ~17 h) for C5BSA_60:20,
C10BSA_60:20 and C5BSA_50:30 cements and at later ages (~34 h,
and~58 h) for C10BSA_50:30.

Several conclusions can be inferred by inspecting Table 10: i) 3-C2S
begins to hydrate at early ages (~34 h) compared with belite-rich
cements [73], ii) Ci2A; reacts with water faster than the other
aluminates (C3A, C4A3$, CA and CA;) in C5BSA_60:20, C10BSA_60:20
and C5BSA_50:30 cements and at the same rate as C3A in
C10BSA_50:30 (in this case, both phases disappear completely at
8.5h), and finally iii) C4A3$ hydration is strongly affected by the
amount of gypsum added, as expected. This phase reacts more slowly
in cements with 5wt.% of gypsum, because almost all of the gypsum is
very rapidly consumed by the hydration of C;,A7. On the other hand,

Table 10
Degree of reaction (%) for clinker phases in the pastes at selected times.
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in cements with 10wt.% of gypsum the degree of reaction is much
larger during the first 2 h.

weo W
Degree of reaction of phase—n (%) = w x 100
phase—n
(13)

4. Conclusions

The burnability of raw mixtures for making aluminum-rich belite
sulfoaluminate clinkers has been studied by TG-DTA, HTM and X-ray
powder diffraction with Rietveld quantitative phase analysis. 15 min at
1350 °C was found to be sufficient for good clinkering. Under these
conditions, the amounts of C4A3$ found in the resulting BSA clinkers
were very close to the target values. Full quantitative phase analyses are
reported for the three clinker compositions tested. However, more
research is needed in order to understand all of the reactions taking
place in the production of these clinkers. Although partial inhibition of
C,AS formation is obtained in the presence of SOs, there were small
percentages of this phase in all of the laboratory BSA clinkers made here.

Phase assemblage evolution with time during the hydration of BSA
cements made from the above clinkers with added gypsum was
determined by normalization of Rietveld results taking into account
free water and amorphous phases that appear during hydration. QPA
of synchrotron diffraction data for C10BSA_50:30 cement shows that
-G5S reacts at early ages (33.8 h) compared to a belite-rich Portland
cement (in which this phase does not react during the first three
months). The early hydration of 3-C,S in these BSA cements is not the
usual reaction to yield C-S-H gel and portlandite, as portlandite is not
detected in the pastes. Instead, belite appears to react with
amorphous AHs to yield stratlingite. On the other hand, the aluminate
phases react faster than the Klein's salt, which hydrates at a higher
pace than belite phases. The hydration mechanisms of the aluminate
phases in these clinkers are shown to be strongly dependent on the
initial amount of gypsum added. A methodology to simultaneously
quantify several different AFm phases is also reported.
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