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Abstract. Different samples of calcium sulfoaluminate phase doped with iron, (Ca4Al(6-2x)Fe2xSO16) with x = 0, 0.2 and 0.5,
were synthesized at 1350°C. The hydration kinetics of the resulted phases was investigated by calorimetric and
conductimetric techniques. The hydrated samples were analyzed by X-ray diffraction and scanning electron microscopy. The
hydration of calcium sulfoaluminate was slightly modified by inclusion of iron in its structure. Dissolution rate of calcium
sulfoaluminate phase doped with iron appeared to be slowed down such as the nucleation rate during the induction period
while the percentage of reaction after 1 day was slightly increased. The analysis of hydrates indicated the formation of the
same hydrates, ettringite and calcium monosulfoaluminate and the gibbsite, with or without iron replacement. Gibbsite
played a major role in the kinetics of the induction period and thus the presence of iron may decrease its nucleation rate
forming (A, F)H3 instead of AH3.

1 Introduction
The mineral phase, calcium sulfoaluminate also named as Ye’elimite (C4A3S), has been known as hydraulic
phase for several decades, but its potential in non expansive cementitious materials has only recently been
reported. As a result of many researches, an optimized formulation based on a clinker containing C4A3S, belite
(C2S), ferrite (C4AF) and anhydrite (CaSO4) was developed [1]. Industrial calcium sulfoaluminate cements have
essentially been developed from natural resources (calcium carbonate, gypsum, and bauxite) [2-8]. Productions
of several variants of this basic clinker are being manufactured, leading to different properties such as high early
strength. The most promising phase of these cement, is the calcium sulfoaluminate Ca4Al6SO16 (C4A3S) that can
be easily formed above 1200°C and that is stable up to 1400°C. As a consequence, the clinkerization temperature
of this type of cement is low (1200–1250°C) compared to Ordinary Portland Cement (1400–1450 °C). It is thus
currently attracting a great deal of interest worldwide [9, 10]. Its advantages include: i) reduced energy
consumption during manufacturing, ii) low CO2 emission during manufacturing [11], iii) low alkalinity, iv)
acceptable setting times and high-early strength development, [12], v) very good durability, particularly in
marine construction [8].
Calcium sulfoaluminate can include in its structure a number of impurities, such us Ti4+, Cr3+, Mn3+, Fe3+, Si4+,
etc. The hydration of this phase has been extensively studied in the past [13-16]. The required water/cement ratio
for complete hydration is higher compared to the Portland cement, e. g. 0.78 for pure ye'elimite reacting with 2
mol of anhydrite [17]. In comparison to Portland cement, cements based on calcium sulfoaluminate react faster,
and most of the hydration heat evolution occurs between 2 and 12 h of hydration [18].The hydration products are
mainly ettringite (3CaO·Al2O3·3CaSO4·32H2O) and alumina gel (Al2O3·nH2O) but calcium monosulfoaluminate
hydrate (3CaO·Al2O3·CaSO4·12H2O) can also be present depending on the level of calcium sulfate addition.
Indeed this last phase is formed when sulfate ions are depleted from the aqueous phase [8].
Thus the quantities of ettringite, gibbsite and calcium monosulfoaluminate hydrate depend upon the relative
proportions of C4A3S, CS, and H2O in the cement paste. Microstructural investigations [18, 19] revealed mainly
the formation of large space filling ettringite needles, together with calcium monosulfoaluminate hydrate,
aluminium hydroxide and calcium silicate hydrates (coming from C2S), and leading to a dense microstructure.
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The calcium sulfoaluminate cement are very interesting from the environmental point of view, due to the
utilization of wastes and by products as fluidized bed combustion wastes and low-quality pulverized coal fly
ashes and flue gas desulphurization gypsum [20].
The iron distribution among the sulfoaluminate clinker phases and its ability to enter the calcium sulfoaluminate
lattice in solid solution can have a significant influence on manufacturing process and on reactivity of calcium
sulfoaluminate (CSA) cements. Indeed the inclusion of iron in Ye’elimite induced a deficiency of calcium and
showed small variations in the values of the cell parameters [21]. Moreover the synthesis of Ca4Al(6-2x)Fe2xSO16 ,
with x increasing from 0 to 1.5, showed that both the iron content of C4A3S phase and the amounts of side
components such as C2F and CS increased. Under the experienced conditions, the maximum iron concentration
in the calcium sulfoaluminate phase was 21.5 wt%. According to Krivoborodov et al. [22], the hydration rate
during the first three days falls with the increasing of (iron/alumina) ratio but later it becomes equal to the
hydration rate of the none iron substituted calcium sulfoaluminate. Nevertheless in this study, it is not possible to
assess the effect of iron entering into Ye’elimite to the increase of C2F phase relatively to the decrease of
Ye’elimite. The aim of the present work was to investigate the effect of iron substitution on the hydration at
room temperature of Ca4Al(6-2x)Fe2xSO16 at moderate concentrations of iron, x = 0.2 , 0.5 for which most of the
iron enters Ye’elimite compared to pure Ye’elimite. Hydration kinetics was followed by isothermal calorimetry
on paste and electrical conductivity on diluted and stirred suspensions. Hydration products were analyzed by Xray diffraction and scanning electron microscopy.

2 Experimental methods
The samples were synthesized from stoechiometric amounts of reagent grade CaCO3, Al2O3, Fe2O3 and
CaSO4·2H2O with >99% purity and thermally treated in laboratory furnace between 1300 °C and 1350 °C by
steps of 200 °C, with an intermediate grinding in order to increase the homogeneity, the clinker so prepared was
cooled overnight in the furnace to room temperature [21]. Ca4Al(6-2x)Fe2xSO16 mixtures have been named SX
with X equal 10 times x. In this study S00, S02 and S05 mixtures have been studied as only Ye’elimite
containing some iron is present after the synthesis. Nevertheless the iron amount in Ye’elimite increases
accordingly to the initial iron amount.
Hydration was carried out in distilled water with a W/C ratio of 0.5 and 20 respectively for calorimetric and
electrical conductivity measurements. For calorimetry, the measurements were carried out during 1 day at 21°C
using a sample weight of 0.5g. The total heat of hydration after 1 day was determined by integration of the heat
flow curve. The electrical conductivity was measured on a stirred suspension using a device specially developed
by CAD (CDM210). The suspension having a volume of 100ml is thermostated in order to keep the temperature
constant and equal to 20°C during the experiments.
The hydrated sample was removed from the calorimeter, washed with acetone and heated at 60°C for 3h. Then
the dried pastes named SXH with X=0, 0.2 and 0.5, were analyzed by XRD using Bruker D8 ADVANCE (CoKa
radiation) X-ray diffractometer in a scanning range of 5° to 60° in 2θ scale. The step rate that was applied was
0.02°/min for all specimens. The identification of the phases was carried out by using the EVA analysis software
(© 2005 Bruker AXS). The dried pastes were also observed using a XL 30 Philips SEM equipped with an
energy-dispersive X-ray analyzer (EDAX).

3 Results and discussions
3.1. Calorimetry
The influence of the iron doping Ye’elimite on the heat flow evolution during the hydration of the samples is
shown in figure. 1. In absence of iron, the pure Ye’elimite phase corresponding to S00, shows two maxima in the
heat flow curve. The first occurs directly when the water is added and can be attributed to heat of wetting and
very early hydration reactions. After that, a period of very low heat flux release called induction period is
observed during about 6 h. This result is in agreement with thus obtained by F.Winnefeld and al. [23] that
observed an induction period of about 10h for Ye’elimite hydrated at 20°C. Nevertheless in our case, the
duration of the induction period is shorter due to the temperature that is of 21°C and not 20°C and may be a
different specific surface area. Indeed an increase of temperature appears to markedly reduce the induction
period that only lasts 2h at 25°C [24]. Several hypotheses have been made to explain the induction period and its
duration but none is completely satisfactory. Amongst these, one can consider a surface coverage of Ye’elimite
grains by the early hydration products but also some difficulty of nucleation of one or more of these early
hydrates. After the induction period, the heat flow increased again, reaching a second maximum after about 10h
of hydration. This peak covers the main part of the hydration reactions and is responsible for setting and
hardening of the paste. Beyond the maximum, the heat flow decreased without showing any other maximum or
shoulder in the heat flow curve. These results are in good agreement to the other research [23].
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Fig.1. The calorimetric curves of hydration of calcium
sulfoaluminate doped with iron.
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Fig.2. The integrated hydration heats from the hydration heat
curves.

The heat flow curves corresponding to iron doping in calcium sulfoaluminate phase showed a similar behaviour
compared to pure calcium sulfoaluminate phase despite some difference with respect to the kinetics during the
main part of hydration. Indeed the main hydration peak is sharper for S02 compared to S00 and flatter for S05.
However the total heat released increased slightly by increasing the iron content in the sample, e.g 550J/g for
S00H to 650J/g for S05H (Figure 2).

3.2 Electrical Conductivity
The evolution of the electrical conductivity for the different mixtures is represented in Figure 3. If Ye’elimite is
considered first, the initial hydration of this phase corresponds to the initial increase of electrical conductivity.
This initial increase in electrical conductivity is followed by a steady decline which describes the induction
period characterized by a slower reaction rate during which part of the ions contained in the aqueous phase are
consumed. Then a second peak corresponding to the acceleration period is observed. This peak is complex as it
contains obviously several components indicating several chemical reactions involved. Finally the electrical
conductivity increases more slowly and to lower values to end as a plateau. Globally the presence of iron does
not change the general shape of the electrical conductivity curve but some points can be mentioned. It seems that
the dissolution rate of Ye’elimite is slightly reduced in the presence of greater amounts of iron: lower value of
electrical conductivity at the maximum of the first and second peaks and slower rise thereafter. Complementary
experiments would have to be carried out in order to analyze the aqueous phase composition in order to
demonstrate this hypothesis as the electrical conductivity depends on the concentration of ions in solution and on
their specific conductivity. As the specific conductivity of aluminate ions is higher than the one of iron ions, if
iron ions replace aluminate ones, the electrical conductivity should drop. Nevertheless iron ions are generally not
accumulated into the aqueous phase due to the low solubility of iron containing phases.The induction period
becomes also slightly longer when the concentration of iron increases in the calcium sulfoaluminate phase. Thus
the presence of iron would have an effect on the nucleation of hydrates such as gibbsite during this period.
These results carried out on suspensions are constituent with the experiments on paste obtained by calorimetry
but they provided some additional information. Nevertheless it can be concluded that the presence of small
quantities of iron in Ye’elimite slightly slows down its reaction rate but also slightly increases the percentage of
reaction, without changing the hydration mechanism. Higher percentage of iron may lead to different
conclusions especially as C2F phase is also formed along Ye’elimite in high amounts.
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Fig.3. Hydration conductivity curves of the S00H, S02H and S05H samples.

3.3 X-Ray Diffractions
Figure 4 reports XRD patterns for the hydrated pastes S00H, S02H and S05H after 24 hours of hydration. All
samples indicated the formation of the same hydrates as suspected from calorimetric and conductimetric
experiments: ettringite, of calcium monosulfoaluminate hydrate and of Gibbsite. The identification of these
phases after one day of hydration is in agreement with the literature. Moreover C3AH6 (identified using the
reticular distance 7.66 Å) has also been identified. This hydrate has been sometimes reported [25] and could be
explained by some local depletion of sulfate. Indeed the absence of the peaks corresponding to Ye’elimite
indicates that it had completely reacted after one day. The formed hydrates, ettringite and monosulfoaluminate,
of sulfoaluminate iron doped phases show a more crystalline character than the undoped phase.
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Fig.4. X-ray diffraction patterns of hydrated samples S00H, S02H and S05H at 24H.

3.4 Scanning Electron Microscopy
Figure.5 shows the observed phases by Scanning Electron Microscopy on the hydrated samples after 24 hours, at
a magnitude of 800 X. We clearly observed the formation of hydrated phases, Ettringite, calcium
monosulfoaluminate and iron-rich phase with grain size relatively small and dispersed on the sample area. The
corresponding zones are respectively indicated by zones 1, 2 and 3.
The precise analyses of these three areas, with higher magnification, are shown respectively on Figures 6, 7 and
8. The figure.6 shows Ettringite in the form of long needles, whose chemical composition is measured by EDAX
analysis. The morphology of hexagonal plates arranged forms of calcium monosulfoaluminate hydrate were also
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clearly identified as shown in Figure 7. The presence of small quantities of iron is observed in the two phases. In
figure 8 is reported the micrograph of the sample S05H hydrated after 24 hours, at two magnitudes 2500 and
8500, it shown the microstructure of the ferritic phase. The EDAX analysis exhibits the presence of sulfur
amounts in this phase at approximate proportion: (CaO)2.6 (Al2O3)0.66 (FeO)0.075 (SO4)O9.3.

Fig.5: SEM micrograph of S05H after 24h of hydration: showing formation of ettringite in Zone 1”, monosulfoaluminate in
“Zone 2” and ferritic phase in “Zone 3”.

Fig.6. SEM micrograph of S05H at 24h: EDAX analyses of “zone 1” zoom.

Fig.7: SEM micrograph of S05H at 24h: EDAX analyses of “zone 2” zoom.
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Fig.8. SEM micrographs showing the microstructure of ferritic phase in S05H sample hydrated after 24h: EDAX analyses of
“zone 3” zoom.

4 Conclusions
Calcium sulfoaluminate phase doped with iron, (Ca4Al(6-2x)Fe2xSO16), with low content of iron (x ≤ 0.5) have a
similar behavior as Ye’elimite. The same major phases are found after 1 day of hydration but they contained
small amount of iron: AFt, AFm and (A,F)H3. Doping calcium sulfoaluminate with iron seems to slightly reduce
the dissolution rate and also the nucleation rate during the induction period whereas the percentage of reaction
after 1 day was slightly increased. The low sensitivity of Ye’elimite to iron substitution is important to produce
robust CSA cement with different raw materials and amongst them some by-products. However this may not be
the same for high iron replacement leading to the formation of high amounts of C2F along with iron substituted
calcium sulfoaluminate phase as this former phase has a quite low reactivity.
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