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Abstract

This article is devoted to the description of the microstructure of ye'elimite, calcium
aluminates and ferritic phase when iron oxide is present and when the synthesis is carried
out at 1300 °C for 3h. The incorporation of iron in ye'elimite structure (general formula:
CasAl20Fe2xS016 with x = 0.00 to 1.13) is complete when x < 0.12. Beyond this
composition, the ferritic phase (CaO)2(Al203,Fe203) appears as a minor phase which can
develop two forms: needle-like morphology and melt morphology. The presence of iron
favors the formation of an iron-rich liquid phase which leads to the growth of ye'elimite
grains by material diffusion mechanisms and increases the conversion rate of alumina and
calcium aluminates in ye'elimite phase. Also a clear distinction between calcium aluminate

and ye’elimite grains is presented.
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Effect of the addition of iron oxide on the microstructure of ye’elimite

1. Introduction

Cement is the most widely used constituent in the construction industry as a binder material
in concrete. The cement industry continues to look for less polluting and alternative binders
to Portland clinkers. Calcium Sulfoaluminate Cements (CSA) represent one alternative.
Since the 1970’s, research on the Calcium Sulfoaluminate Cements (CSA) concerns various
characteristics of these cements, such as shrinkage compensation, their high early strengths
[1], or its use for rapid-setting applications. These binders present other advantages:
reduction of CO; emissions, energy saving [2] when compared to Ordinary Portland
Cements (OPC), because the sintering temperature of CSA cements is in range of 1250 to

1350 °C, which means 100 up to 200 °C lower compared to OPC and lower grinding energy.

The raw materials used for CSA synthesis, namely calcium carbonate, gypsum and alumina,
can contain minor elements which can influence the mineralogy and hydraulic reactivity of
the clinker phases. One of these elements is iron. It comes from alumina source such as
bauxite and red mud which can present high proportions of iron [3]. The studies presented in
the literature about the effect of iron focus (i) on the preparation of CSA compositions, (ii)
on the crystallographic description of the CSA phases and (iii) on the hydration behaviour.
The main information related to two items (i) and (ii) are given in the next paragraphs. Since
the present work does not deal with hydration, bibliographic data related to this topic will

not be presented.



1.1 Preparation of CSA compositions containing iron

Ye’elimite C4A3S” represents the main phase of CSA clinker [4-6]. During the production of
CSA cements, it was reported that iron oxide promotes the formation of ye’elimite C4A3S
[3,7,8]. In the literature, some papers report the effect of Fe»Os on the formation of
ye’elimite [3,9—16], using different preparation protocols. Table 1 summarizes the synthesis
conditions of ye’elimite described in the literature. The raw materials are usually CaCOs3,
AlOs3, CaS04.2H>0 and Fe;0Os. Samples containing different amounts of iron were studied
and sintered at temperatures between 1250 °C and 1350 °C. In some cases, the description of
the preparation protocol in incomplete; the amount of raw materials, the sintering cycle
(temperature, time, ramps) is sometimes missing. Moreover, each preparation method gives
different results with respect to the formed secondary phases, their crystal structure and the
maximum level of inserted iron. Secondly, depending on the published data, the percentages
of iron are expressed in various units: weight percentage of Fe in C4A3S, number of moles of
Fe>O3 in the general formula 3CaCOs; — (3 - x)AlLO; — xFe2O3 — CaS04.2H,0, weight
percentage of Fe;Os in the mixture of CaCOs, Al,Os, FeoO3 and CaS04.2H>0, weight
percentage of Fe;Os in the mixture of CaO, Al>O3, Fe;O3 and SOs. In order to compare the
different literature data, we have calculated the molar content, x, of Al,O3 substituted by
Fe>0s3 in the general formula (CasAls-2x)Fe2xSO16 or C4A3.4FxS). The values are presented in

Table 1.

* Cement notation: C = Ca0, A = AbO3, S = SO;3, C= CO», H = H20, F = Fe2O3, M = MgO
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1.2 Nature and crystallographic structure of phases in CSA containing iron

Some authors have shown that Fe** ions can replace Al**

ions in the ye'elimite structure
[3,12]. Various research groups investigated the iron content in C4A3xFS solid solutions,
but the reported experimental values are different. J. Strigac et al. [13] presented a study on
sulfoaluminate belite cements where they reported the existence of a ye'elimite phase for x ~
0.08. Another study [9] examined the substitution of aluminum by iron in the structure of
ye'elimite of general formula C4A34FxS, where 0 < x < 0.8. The maximum substitution level
was defined at (x ~ 0.27), which is in agreement with the results of [14] and [16] who
studied the coexistence of ye’elimite and ferritic phases at 1325 °C. The existence of a
compound formed with 10 wt% Fe>O3 (x ~ 0.3) [15] has also been claimed. D. Chen et al.
[11] reported that the condition for Fe,Os to reach the maximum solid solution in ye’elimite
is about 22.6 wt% Fe>Os3 in the preparation process, which corresponds to (x = 1.2). In
another investigation [3], the reported maximum iron concentration in ye’elimite is 21.5
wt% Fe>Os3 calculated from the results of the chemical analysis and corresponds to (x = 1.5).
These results show that the maximum substitution levels of AloO3 by Fe>Os varies a lot from
one publication to another, probably because the synthesis protocols cannot be compared.
The presence of iron in the CSA cements also produces the ferritic phases. These phases are
the major iron-containing phases in Ordinary Portland Cement (OPC) and also form in CSA
cements. The ferritic phase represents a solid solution corresponding to the formula
Cax(AlyFe: - y)Os where y can vary from 0 to about 1.33 [16]. Crystal structures, chemical
compositions and hydration of this phase are well known [16-22] and the substitution of
Fe** by Al**in this phase causes structural variations [23].

Stoichiometric ye'elimite has orthorhombic symmetry at room temperature [24-26]. In

another work [27], it was reported that the starting temperature of the orthorhombic-to-cubic
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transformation during heating was 438 °C and that the reverse transformation during cooling
occurred at 469 °C. However, a pseudocubic symmetry can be stabilized with the
incorporation of foreign ions such as iron [8,12,24]. In a recent work [8], it was reported that
the incorporation of iron in ye'elimite stabilizes its cubic polymorph at the expense of the
orthorhombic one. In another study [4], a mixture of cubic and orthorhombic ye’elimite was
found in commercial CSA clinkers, and just cubic ye’elimite in the borax-activated belite
calcium sulfoaluminate clinker. Sodium and iron solid solutions have been prepared by
Andag¢ et al. [24] to study the polymorphism of ye’elimite in the presence of these
impurities. This study revealed a phase transformation; the polymorph of ye’elimite at high
temperature is cubic, and pseudo-cubic at low temperature. A thermal quenching from a
temperature higher than the structural transition temperature, and/or the addition of atoms
forming solid-solution are usually two efficient techniques to stabilize a high-temperature

polymorph.

1.3 Objective of the work: detailed microstructural study

As we can see from the published literature, the influence of iron on the crystallographic
structure has been extensively studied. However, we did not find thorough studies
presenting in details the effect of iron on the microstructure. The few available data mention
the co-existence of ye’elimite and ferritic phases, as well as the presence of a liquid phase
[3,9,16]. Nevertheless, the clear distinction between ye’elimite grains, calcium aluminate
grains, ferritic phases and liquid phases has not been discussed or evidenced, and the particle
size distribution has not been studied. To our opinion, a detailed microstructural study would
help to visualize the spatial repartition of the different phases (crystallized and liquid phases)

during the thermal treatment. The characterization of the microstructure is of interest to
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follow the role of iron and to define the mechanisms of ye’elimite formation during thermal
treatment.

The present work starts with a thorough description of the synthesis protocol of ye’elimite
prepared with increasing quantities of iron. It is important to give all the experimental details
because these pieces of information are often missing in the literature as we explained
above. This paper continues with the description of the relation between iron oxide addition

and the microstructural changes.

2. Materials and methods

2.1. Materials and sample preparation

The raw materials used for the sample preparation are CaCOs, AlO3, CaS0O4.2H>O and
Fe>Os3 (purity > 99 wt%; supplier: Sigma-Aldrich). The quantities of iron oxide used,
relative to the mass of all the raw materials, are: 0.00%, 1.01%, 2.01%, 2.53%, 5.11%,
10.44% and 21.38%. The prepared samples are noted respectively SO, S1, S2, S2.5, S5, S10
and S21. By assuming ideally that the added iron can substitute the aluminum in the
structure of the ye'elimite, the theoretical formula of the doped ye'elimite is C4A3F,S. This
formula assumes that all the iron is in the structure of the ye’elimite. In reality, we will see
in the next sections of this paper that part of iron forms ferritic phases. The mass percentages
of added Fe: O3 (wt% = 0.00%, 1.01%, 2.01%, 2.53%, 5.11%, 10.44% and 21.38%,)
correspond, respectively, to values of x = 0.00, 0.05, 0.10, 0.12, 0.25, 0.53 and 1.13. Table 2
shows the amounts of raw materials used for the synthesized samples named from SO to

S21.



The following protocol has been used to prepare the samples: 100 g of the different mixtures
were homogenized in a Turbula shaker mixer for 30 min and crushed in a planetary ball
mills at 120 rpm for 1 h. Then 2.5 g of the homogenized mixture was uniaxially pressed into
pellets, using a 16 mm cylindrical die, under a load of 1.5 tons. The heat treatment of the
samples was carried out in a platinum crucible in an elevator furnace under air atmosphere
and at 1300 °C (heating ramp: 5 °C/min, dwell duration: 3h, air quenching). This sintering

cycle was chosen because it gave the highest percentage of pure ye’elemite.

2.2. Characterisation methods

Microscopic observations were performed on a JEOL IT300LV scanning electron
microscope (SEM) equipped with an electron dispersive spectroscopy (EDS) detector for
chemical analysis. The microscope was operated at 15kV accelerating voltage. The
preparation of the samples began with the preparation of a resin which contained 10 ml of
epoxy (IP, PRESI France) and 1 ml of hardener (Catalyst, PRESI France). The samples were
impregnated with the resin in a plastic container and deposited in a vacuum chamber for one
hour. After solidification for 12 hours at ambient air, the samples were polished on Minitech
233 type machine (Presi, France), using SiC abrasive paper from P120, P240, P600, P1200,
P2400 and P4000 rotated at 150 rpm. Polishing was performed according to the protocol
described in Table 3. After polishing, samples were rinsed with ethanol in an ultrasonic bath
for 15 minutes, then carbon-metallized to increase the surface conductivity during the SEM
observations. For the observation of the powders, we used LEO 1530 V P field emission
scanning electron microscopy (SEM) at a 3 kV accelerating voltage. Before observation, the
powder was dispersed in absolute ethanol and a drop of the suspension was deposited on an

aluminum support and dried in air.



The technique used to study the particle size distribution was image analysis (PSD-IA) using
ImagelJ V1.51 software. ImageJ is an image processing and analysis software. It allows to
count the particles on SEM micrographs and to calculate the average diameter at a total of N
particles (in the present work we have chosen N1 = 100). For each image, a standard
deviation is also estimated. The average diameter of the calculated particle size distribution

is as follows:

100

D= 1 ZD
~ 100 F

i=1

with Dr is the maximum Feret diameter; it represents the distance between the farthest
points on the projection of each particle.

X-ray diffractions in this study were made by Bruker D8 Advance X-ray Diffractometer
with CuKo radiation (Acu=1.54056 A, without monochromator) at a step scan of 0.02° with a
time counting per step of 0.45 s operated at a voltage 40 kV and an electric current 40 mA.
Analyzes were performed in a range of 2 theta between 5 and 55. The peaks corresponding
to ye'elimite are indexed in Pcc2 orthorhombic space group, determined with the cell
parameters a = 13.028(3) A, b = 13.037(3) A and ¢ = 9.161(2) A and in a cubic cell with
space group I-43m with a = 9.2 A. This lattice parameter refinement was carried out based
on literature data; the theoretical spectra of the orthorhombic and cubic varieties of the
ye'elimite are presented in Fig. 1. A semi-quantitative analysis of the mineral phases was
carried out by considering the intensity of the most intense diffraction peak for each phase.
In the case where ye’elimite was the dominant phase, a more precise quantification of the
mineral phases was carried out by using Rietveld method in the TOPAS 4.2 software. In this
instance, the adjustment parameters were: background coefficients, the zero-shift error, unit

cell parameters. The pseudo-Voigt function was used for fitting the peaks. The ICSD



collection codes of the structures used for Rietveld refinement are given in Table 4 [19,28—

34].

3. Results and discussion

3.1 Nature of the phases formed during the thermal treatment at 1300 °C for 3 h

The X-ray diffractograms for samples SO, S1, S2.5, S5, S10 and S21 treated at 1300 °C for 3
h are shown in Fig. 2. The results of the Rietveld analysis corresponding to samples SO, S1,
S2.5, S5, S10 and S21 are given in Table 5.

In sample SO, the main phase is orthorhombic C4A3S ye'elimite which reaches 83.1 wt%,
together with the formation of small amounts of calcium aluminates (krotite CA and grossite
CA»). Sample S1 (x = 0.05 in CsA3FxS) contained 98.7 wt% of ye’elimite C4A3FxS in
orthorhombic and cubic forms with the formation of minor phases CA and CA:. For an
addition of 1 wt% Fe;0s, the quantity of formed ye’elimite is significantly increased
compared to the sample without iron, and some cubic polymorph is detected. This shows the
effect of iron on the formation of ye'elimite and the effect of Fe** insertion in the crystal
structure of ye’elimite. The presence of iron, even in small percentages, promotes the
formation of iron bearing ye’elimite, and the substitution of the Fe** ions into ye’elimite
causes the stabilization of the cubic polymorph at room temperature. When the iron
concentration reached 2.5 wt% (case of sample S2.5 with x = 0.12), the ferritic phase
C2(A,F) begins to appear. Fig. 3 zooms on the most intensive diffraction peak of this phase
between 20 = 11.8° and 12.5°; its diffraction intensity increases simultaneously with the

increase in the percentage of added iron (Table 5). Our experimental results show that
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beyond a certain quantity of iron (x = 0.12 in our case), Fe** can no longer enter into the
ye’elimite structure. It forms a ferritic phase C2(A,F). The total ye'elimite content is almost
constant in samples S1, S2.5 and S5 but the content of cubic ye'elimite increases with the
increasing addition of iron. From composition S1 to S21, cubic ye'elimite increases at the
expense of orthorhombic ye’elimite, which can be explained by the effect of Fe** ion
substitution in the crystal structure where Fe** can replace AI’* [8].

To conclude on this part, the solid-state synthesis protocol described in this study allowed to
sinter at 1300 °C a clinker with large amounts of orthorhombic ye'elimite (~ 83.1 wt%) for
the sample without iron, and more than 98 wt% of orth-C4A3S and cub-C4A3S for iron
bearing sample with 0.05 < x < 0.25 (1.01 % < wt% Fe»03 < 5.11%). The ability of Fe** ions
to enter the ye'elimite lattice and to replace AI** ions can influence the modification of its
crystal structure. We can say that the incorporation of iron is complete when x < 0.12 (2.5
wt% of Fe>O3) and beyond x = 0.12, the ferritic phase C2(A,F) appears as a minor phase.
The amount of ferritic phase increases with the addition of iron (Table 5), indicating that
part of the iron is inserted inside ye’elimite phase and that the other part of the iron forms a

secondary ferritic phase.

3.2 Effect of iron on the microstructure of compositions sintered at 1300 °C for 3h

The microstructure of the samples sintered at 1300 °C was studied using micrographs taken
by SEM (Fig. 4). XRD data help us to decide which phases are detected by EDS analysis.
Samples SO without iron and S1 with a low iron content presents homogeneous and porous
crystals of dark grey color which correspond, according to the EDS analysis, to ye'elimite
C4A3S for SO and iron bearing ye’elimite for S1. Micrographs and EDS analysis of S2.5, S5

and S10 show the presence of large proportions of ye’elimite and the formation of small
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amounts of Co(A,F) (the crystals in light grey). C2(A,F) is quite distinguishable in sample
S21. The amount of ferritic phase seems to increase from S5 to S21, which is consistent with
the XRD observations. Appendix A presents the EDS spectra for the samples SO to S21. On
these spectra, we can see that EDS measurements carried out on ye’elimite type grains
contain O, Al, S, Ca and a small percentage of iron in S1, S2.5, S5 (point A), S10 (point A)
and S21 (point A). In samples S5, S10 and S21, the measurements on point B show a
significant quantity of iron and no sulfur is present; therefore, these compositions

correspond most certainly to the ferritic phase.

To identify the chemical elements and their distribution in the different samples, we carried
out EDS mapping for each of S0, S1, S5, S10 and S21 samples (Fig. 5). EDS mapping of the
SO sample (x = 0) shows the elements corresponding to the CsA3S phase. The addition of
iron oxide leads to the insertion of iron inside the ye'elimite phase CsA3 FS for all
synthesized samples, and the formation of ferritic phase C2(A,F) for (x > 0.12, i.e; 2.5 wt%
of Fe;03). Iron forms secondary ferritic phases (visible in the form of a mass) as soon as the
added quantity is significant.

The microstructural changes in the presence of iron was assessed in detail. Fig. 6 shows the
morphology of the powders SO, S1, S2.5, S5, S10 and S21 sintered for 3 h at 1300 °C. There
is a clear distinction between the morphologies whether iron is present or not. The grains
with a size of 2 pm and the grain boundaries are very distinct in the SO sample. The grain
morphology in samples S1, S2.5 and S5 tends to be more rounded, the grain boundaries
between the particles are less clear than in SO, and the particles seem more interconnected.
This may be due to the fluxing effect of the iron rich phase which promotes the cohesion and
sintering between the grains. In samples S10 and S21, the grains grow and form densified

clusters. This morphology can be explained by the presence of a liquid phase. It is well
12



known that the presence of iron oxide facilitates the formation of a liquid phase [9,14,16].
From these results, we can say that the fluxing effect of iron and the interaction of ye’elimite
with the ferrous liquid phase are responsible for the modification of the grain morphology.
For higher iron additions, iron leads to the formation of the ferritic phase and the formation
of a ferrous liquid phase which results in the growth and densification of the grains.

We also finely examined the microstructure of the ferritic phases using micrographs taken
by SEM. Representative morphologies are given in Fig. 7. Morphologies of needle shapes
(Fig. 7a) or in the form of continuous massive interstitial phase (Fig. 7b) can be
distinguished. Such dendritic forms have been observed in Portland cements [35,36], but
very rarely in CSA cements to our knowledge [16]. The ferritic phase occurring in Portland
cements represents an interstitial phase and may occur as a dendritic form. In the literature,
some authors [35,36] have suggested that the ferritic phase occurs with both massive forms
and dendritic patterns in Portland cements. According to [35], rapid cooling can result in the
conversion of interstitial phases such as the ferritic phase into the dendritic structure. Touzo
et al. [16] shows the presence of an interstitial material composed of needles and dendrites
in CSA cement; the needles represent a secondary ferritic phase which had crystallized from
the melt. In our case, the difference between the two forms of ferritic phase is clear in the
iron rich compositions. It suggests that during cooling of ye’elimite based compositions, part
of the melt remains in the form of continuous massive interstitial phase, and another part

transforms into crystals in the form of needles.

3.3 Evolution of the microstructure as a function of sintering duration (0 to 180 min) at

1300 °C for a given quantity of iron oxide

13



After the examination of the microstructures of the samples as a function of the percentage
of added iron, it is interesting to study the evolution and the microstructural changes of the
phases as a function of dwell time at 1300 °C for the formation of ye'elimite. In this respect,
we have chosen to follow the microstructural changes in the sample S10 (x = 0.53, i.e; 10.44
wt% of Fe,03) sintered at 1300 °C for different durations from 0 to 180 min and without any
intermediate grinding step.

First, a mineralogical analysis was performed to identify the phases. The X-ray
diffractograms of sample S10 sintered at 1300 °C during different durations are presented in
Fig. 8. The following comments can be made:

@) The diffraction peaks associated to Al,O3, CaSOs, CA, CA,, ye’elimite and
ferritic phase are detected at 1300 °C for the dwell time O s.

(i1) By increasing the dwell time from 15 min to 30 min, the peaks of AlQO3,
CaSO4 and CA» are attenuated and after sintering for 1h, these phases
disappear.

(iii) After a 3h sintering, and after the consumption of the phases by the reactions
between calcium aluminates (CA and CA;) and CS, ye'elimite becomes the
main phase with the presence of ferritic phase.

Fig. 9 shows the EDS mapping of the backscattered electron images of the phases observed
during the formation of ye'elimite as a function of dwell time. Fig. 10 shows the composition
profiles obtained by EDS analysis, presenting the elemental percentages of calcium,
aluminum, sulfur, iron and oxygen along the red lines drawn on the micrographs of the
sample S10. Fig. 9a shows the colored mapping of sample S10 sintered at 1300 °C for dwell
time of 0 seconds, which means that the sample was immediately quenched when the
furnace reached 1300 °C. From the EDS data, Al,O3, CAz, CA, ye'elimite and ferritic phase

were detected in this microstructural observation. Al>O3 grains are surrounded by CA; and

14



CA. Some EDS points indicate that a very thin layer of CAg possibly surrounds Al,Os3 and is
itself surrounded by CA» (Fig. 10a). Ye'elimite was formed around the calcium aluminate
phase. The ferritic phase is formed in some regions. By increasing the dwell time to 15 min
(Fig. 9b and 10b), the core of alumina grains reduces considerably and the calcium
aluminate layer thickens as well as the external layer of ye'elimite. After a longer sintering
duration (30 min and 60 min, Fig. 9c and Fig. 9d), we notice that the Al>O3 grains disappear
and only CA remains in the center of the grains surrounded by ye'elimite and small amounts
of ferritic phase on the edges (Fig. 10c). Finally, for the sample sintered for 180 min, the CA
phase disappears and the formation of the ye'elimite is complete. The ye'elimite grains are
surrounded by an iron rich liquid phase (Fig. 9e and Fig. 10d).

From SEM and EDS observations, we can assume that Ca®" ions are diffusive species that
react with alumina to form CA»; it causes a decrease in the grain size of Al,Os; (Fig. 9b).
Ca®* ions can also react with CA; to produce CA; this may explain the consumption of CA
and the growth of the CA layer (Fig. 9¢). The calcium aluminate fraction is composed of CA
and CA; until a sintering duration of 15 min at 1300 °C. Beyond this duration, Grossite CA»
is totally consumed to form Krotite CA. For longer sintering times (> 60min), CA can react
with CS and eventually transform into ye'elimite.

The presence of iron in the sample seems to have two effects. The first effect can be seen by
comparing our work in this section with [37] which studied the phenomena of ye'elimite
formation in a pure system as a function of the dwell time at 1300 °C. We can deduce by
this comparison that the total consumption of AlbO3 and CA; takes place in the sample
containing iron at shorter sintering duration than in the pure system. The presence of iron
seems to facilitate the formation of CA and allows more time for all the CA grains to
convert into ye'elimite; the consequence is the formation of a higher amount of ye'elimite

containing iron (92.1 wt% of ye’elimite in S10 compared to 83.1 wt% in SO) at 1300 °C for
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180 min. The second effect of iron is its high concentration observed at the edges of the
grains. It is associated with the formation of a layer of ferritic phase that surrounds the
ye'elimite and calcium aluminate grains.

A close observation of the polished sections of S10 and of the EDS analysis (Fig. 11) shows
a clear distinction between Krotite CA grains (light grey) and ye'elimite grains (dark grey) in
the S10 sample sintered at 1300 °C for 60 min. The zooms show the faceted morphology of
CA and ye'elimite grains and the presence of a liquid phase allowing contact between the
grains (Fig. 11a). The faceting of the grains and the presence of the liquid phase may be an
indication of a liquid phase sintering mechanism as we already assumed. The liquid phase
sintering takes place by the phenomena of dissolution-precipitation which consists in the fast
transport of matter by diffusion. The consequence is the grain growth and the faceting of
grains, the total and fast consumption of alumina and intermediate phases (calcium
aluminates) for the formation of ye'elimite [9]. By increasing the sintering time to 3h, all the
CA grains disappear and the faceted grains of the ye’elimite grow; Fig. 11b shows large
grains of ye’elimite alone surrounded by a liquid phase film.

The changes of grain sizes of ye’elemite and krotite as a function of sintering duration was
studied by image analysis (PSD-IA) using Image J V1.51 software. Fig. 12 shows the
monomodal particle size distribution of krotite CA (crystals in light gray) and ye'elimite
(crystals in dark gray) in the S10 sample treated at 1300 °C for different durations: 30 min,
60 min and 180 min. The mean particle diameters of the PSD-IA distribution of ye'elimite
are 2.19 uym, 2.88 um and 7.76 um respectively for sintering times of 30 min, 60 min and
180 min. The mean particle diameters of krotite CA are 5.20 um and 3.22 um respectively
for sintering times of 30 min and 60 min. Beyond this time, the CA grains disappear. The
CA grains are in the center surrounded by the small ye'elimite grains. By increasing the

sintering time, the CA grains progressively decrease in size and are totally replaced by large
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grains of ye'elimite after 3h of sintering. When the grains are of the same nature, the liquid
phase sintering promotes the mechanisms of dissolution of the fine grains and their

precipitations on the larger ones.

4. Conclusion

The present study describes the effect of iron on the microstructure of ye'elimite and minor
phases, based on SEM, EDS observations together with XRD analysis. The raw materials
were AlbO3, CaO, CaSOs4 and Fe;Os. The quantities of iron oxide used, relative to the mass
of all the raw materials, are: 0.00%, 1.01%, 2.01%, 2.53%, 5.11%, 10.44% and 21.38%. The
chosen sintering temperature was 1300 °C.

Fig. 13 summarizes schematically the results of the microstructural study. Fig. 13a sketches
the evolution of phases and microstructure as a function of the percentage of iron oxide in
the samples. The ferritic phase appears at 2.5 wt% of Fe,Os. By increasing the percentage of
iron oxide in the samples, the amount of ferritic phase also increases and develops two
different morphologies during cooling: a melt morphology and needle-like crystals. In the
ye’elimite without iron, the contours of the grains are well distinguished. As the percentage
of iron increases, the particles appear more interconnected and the consequence is growth of
the grains. Fig. 13b sketches the evolution of phases and microstructure as a function of the
sintering time in sample S10 (x = 0.53, i.e; 10.44 wt% of Fe;Os3) at 1300 °C. The
microstructure forms in several layers of phases going from Al,O3 grains to ye'elimite,
through CA, and CA, and a weak external layer of ferritic phase. Alumina reacts with Ca**
to produce CA», and grossite is transformed into CA which in turn reacts with SV!* and is
totally converted into ye'elimite. Our microscopic observations report for the first time a

clear distinction between calcium aluminate grains and ye'elimite grains. Calcium

17



aluminates CA are presented as faceted grains surrounded by small grains of ye’elimite and
an iron-rich liquid phase. The phase transformations take place thanks to the diffusion
mechanisms provided by the ferritic liquid phase which favors the dissolution-precipitation

of the CA grains to form large grains of ye’elimite.
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Figure captions

Fig. 1.

XRD theoretical spectra of the orthorhombic and cubic ye'elimite; Cub-Y =
Cubic Ye’elimite with ICSD-code 9560, Orth-Y = Orthorhombic Ye’elimite
with ICSD-code 80361.

Fig. 2.

XRD diagrams of samples SO, S1, S2.5, S5, S10 and S21 heat-treated at
1300 °C for3 h. Symbols: Y=Ye’ elimite, G=Grossite, K=Krotite, F=Ferritic
phase.

Fig. 3.

Zoom on the ferritic phase C2(A,F) peak between 11.8 and 12.5° (20) in
samples S1, S2, S2.5, S5, S10 and S21 calcined at 1300 °C.

Fig. 4.

SEM micrograph of sample S0, S1, S2.5, S5, S10 and S21 sintered for 3 h at
1300 °C, with spectra of the EDS analysis. The corresponding EDS point
analyses with atomic percentages are presented in Appendix A.

Fig. 5.

EDS mapping presenting the distribution of different elements O, Ca, S, Al
and Fe in samples SO to S21.

Fig. 6.

Micrographs of powders SO, S1, S2.5, S5, S10 and S21 sintered for 3 h at
1300 °C

Fig. 7.

Representative micrographs of ferritic phase in sample S21 with different
morphologies: dendritic (a), phase structure as a melt (b). Symbols:
Y=Ye’elimite, F=Ferritic phase.

Fig. 8.

XRD diagrams of sample S10 heat-treated at 1300 °C different durations: 0
min, 15 min, 30 min, 60 min, and 180 min. Symbols: Y=Ye’elimite,
G=Grossite, K=Krotite, F=Ferritic phase, A=Alumina, CS=Calcium sulfate.

Fig. 9.

EDS mapping of elements present in sample S10 treated at 1300 °C for
different durations: O min (a), 15 min (b), 30 min (c¢), 60 min (d), and 180
min (e). Symbols: Y=Ye’elimite, CA,=Grossite, CA=Krotite, F=Ferritic

phase, A=Alumina, CS=Calcium sulfate.

Fig. 10.

EDS mapping presenting the distribution of all elements and composition
profiles obtained by EDS analysis, presenting the atomic percentages of the
elements Ca, Al, S, Fe and O as a function of the location along the red lines
drawn on the micrographs of the sample S10 treated at 1300 °C for different

durations: 0 min (a), 15 min (b), 60 min (c), and 180 min (d).

Fig. 11.

SEM micrographs of the S10 sample sintered at 1300 °C for 60 min (a) and

180 min (b). The zooms show the distinction between the faceted grains of

ye'elimite and CA resulting from liquid phase sintering. The corresponding
EDS point analyses for each phase are shown.

Fig. 12.

SEM micrographs of the S10 sample sintered at 1300 °C for 30 min, 60 min
and 180min.
The particle size distribution of CA and ye'elimite grains was examined by
PSD-IA from a total of 100 particles to determine the average diameter and
deviation.

Fig. 13.

Schematic representation of microstructural development of the phases
according to the percentage of Fe>Os (a) and of the microstructural
development of the phases in the presence of iron, according to the sintering




time at 1300 °C (b).

Appendix | Typical EDS spectra of samples shown in fig. 4.
A

Table 1 Summary of synthesis conditions described in previous works for solid-state
synthesis of ye’elimite. ) x represents the number of moles of substitution of
ADOs3 by Fe>Os.

Table 2 Amounts (wt. %) of the raw materials to prepare SO-S21 samples.

Table 3 Polishing protocol for samples prepared in resin.

Table 4 ICSD collection codes for phases used in the Rietveld analysis quantification

Table 5 Quantitative Rietveld analysis of phases in samples SO, S1, S2.5, S5, S10

and S21 heat-treated at 1300 °C. The values in brackets correspond to the
error by the quantitative Rietveld analysis. (*) Rwp is the weighted profile
factor and Rexp is the expected factor.
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Fig. 1. XRD theoretical spectra of the orthorhombic and cubic ye'elimite; Cub-Y = Cubic Ye’elimite with ICSD-code 9560, Orth-Y = Orthorhombic Ye’elimite
with ICSD-code 80361.
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phase.
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Fig. 3. Zoom on the ferritic phase C2(A,F) peak between 11.8 and 12.5° (26) in samples S1, S2, S2.5, S5, S10 and S21 heat treated at 1300 °C for 3 h.
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Fig. 4. SEM micrograph of sample SO, S1, S2.5, S5, S10 and S21 heat treated for 3 h at 1300 °C, with spectra of the EDS analysis. The corresponding EDS point
analyses with atomic percentages are presented in Appendix A.



Fig. 5. EDS mapping presenting the distribution of different elements O, Ca, S, Al and Fe in samples SO to S21.
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Fig. 6. Micrographs of powders S0, S1, S2.5, S5, S10 and S21 heat treated for 3 h at 1300 °C



Fig. 7. Representative micrographs of ferritic phase in sample S21 with different morphologies: dendritic
Symbols: Y=Ye’elimite, F=Ferritic phase.
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Fig. 8. XRD diagrams of sample S10 heat-treated at 1300 °C different durations: 0 min, 15 min, 30 min, 60 min, and 180 min. Symbols:
Y=Ye’elimite, G=Grossite, K=Krotite, F=Ferritic phase, A=Alumina, CS=Calcium sulfate.
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Fig. 9. EDS mapping of elements present in sample S10 treated at 1300 °C for different durations: 0 min (a), 15 min (b), 30 min (c), 60 min (d),
and 180 min (e). Symbols: Y=Ye elimite, CA>=Grossite, CA=Krotite, F=Ferritic phase, A=Alumina, CS=Calcium sulfate.
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Fig. 10. EDS mapping presenting the distribution of all elements and composition profiles obtained by EDS analysis, presenting the atomic
percentages of the elements Ca, Al, S, Fe and O as a function of the location along the red lines drawn on the micrographs of the sample S10
treated at 1300 °C for different durations: O min (a), 15 min (b), 60 min (c¢), and 180 min (d).
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Fig. 11. SEM micrographs of the S10 sample sintered at 1300 °C for 60 min (a) and 180 min (b). The zooms show the distinction between the
faceted grains of ye'elimite and CA resulting from liquid phase sintering. The corresponding EDS point analyses for each phase are shown.
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Fig.12. SEM micrographs of the S10 sample sintered at 1300 °C for 30 min, 60 min and 180min.
The particle size distribution of CA and ye'elimite grains was examined by PSD-IA from a total of 100 particles to determine the average
diameter and deviation.
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Fig. 13. Schematic representation of microstructural development of the phases according to the percentage of FeoO3 (a) and of the
microstructural development of the phases in the presence of iron, according to the sintering time at 1300 °C (b).



Table 1

Summary of synthesis conditions described in previous works for solid-state synthesis of ye’elimite. ) x represents the number of moles of
substitution of Al,O3 by Fe;0s.

Solid-solution Studied Synthesis conditions The Secondary Ye’elimite References
ye’elimite formula samples Raw materials | Amount Synthesis Sintering | heating maximum phases polymorph
of raw | temperature | duration rate substitution
material (0] (hours) | (°C/min) level
mixture
(g)
C4A3xFxS 0<x™ <3 | CaCOs3, AlLO;3, 20 1250 - - 21.5 wt% Fe CS, CA, Orthorhombic | M. Idrissi et
Fe»>O3 and in C4A3S CoF al.
CaS04.2H>0 phase [3]
x® ~ 1.5)
CsA34FS x = 0.00, CaCO:s3, AlZO3, - 1250 - 1300 1 - x ~ 0.27 Ci2A7, CA, | Orthorhombic F.
0.05, 0.08, Fe>O3 and CA;,, C4AF, and cubic Bullerjanh
0.20, 0.40 CaS04.2H20 F,CS,M et al.
and 0.80 and MA [9]
C4A3xFxS 0<x<2 CaCOs, ALO3, - 1000 1 - x ~ 0.34 Ferrite, Cubic B. Touzo et
Fe>O3 and then liquid phase al.
CaS04.2H-0 1325 [16]
C4A23F02S x ~ 0.2 - - 1250 2 - - CipA7, CA, Cubic with F.
F and CS traces of Bullerjanh
orthorhombic et al.
[10]
3CaCoOs - (3- x=0,0.2, CaCQO:s3, AlZO3, - 1350 3 - 22.61 wt% C2(AF), Cubic D. Chen et
x)ALLO3 - xFe2Os3 - | 0.4, 0.6, 0.8, Fe>O3 and Fe>O3 CA and al.
CaSOs4 - 2H,0 1.0, 1.2 and CaS04.2H>0 x~1.2) C3A [11]
1.4
CasgNag2AlscFeo2 - CaCOs, ALLO3, 8 1250 4 5 - Cubic A. Cuesta et
S102012S0 4 Fe,03, Si0», al.
Na,COs3 and [12]
CaS04.2H,O
Cag25S10.02Al5.96Fe The six CaCOs, AlO3, - 1000 1 - x ~0.08 Clinker - J. Strigac et
0.1650.85016 clinkers Fe»0s, then phases: al. [13]
CaS04.2H,0O 1000 0.5 small




(x~0.3)

and then amount of
silica gel 1450 0.25 free lime, [3-
C2S, C4AsS,
C4AF and
CS
C4A34FS x =0.16, CaCOs, AlLO3, 1300 22 x ~0.32 Ferritic - N.
0.21, 0.25, Fe>O3, CaSOq4 phase Zupancic et
0.32 al. [14]
Cay(Al;xFex)6SO16 x = 0.00, CaCOs, 50 - 800 - 10 wt% CA, Orthorhombic | J.S. Ndzila
0.02, 0.05, Al(OH)3, then Fe O3 Ci2A7 and and cubic et al.
0.07, 0.1, CaS04.2H>0 800 — 1000 - in basic CoF [15]
0.12,0.15 and Fe>Os then materials
and 0.25 1000 - 1250 5




Table 2

Amounts (wt. %) of the raw materials to prepare SO-S21 samples.

Sample name  %Fe>03 9%CaCO3 9% Al,03 %CaS04.2H0  x
SO 0.00 38.57 39.31 22.12 0
S1 1.01 38.43 38.52 22.04 0.05
S2 2.01 38.30 37.74 21.96 0.1
S2.5 2.53 38.22 37.33 21.92 0.12
S5 5.11 37.86 35.32 21.71 0.25
S10 10.44 37.12 31.15 21.29 0.53

S21 21.38 35.60 22.61 20.41 1.13




Table 3

Polishing protocol for samples prepared in resin.

Step SiC abrasive Time (s) Rotation speed of
paper the polishing disc
(rpm)

1 P120 30 150

2 P240 from 50 to 60 150

3 P600 180 150

4 P1200 270 150

5 P2400 420 150

6 P4000 600 150




Table 4

ICSD collection codes for phases used in the Rietveld analysis quantification.

Cementitious Chemical formula in ICSD Codes  Ref.

notation ICSD file
Orthorhombic ye’elimite  orth-C4A3S CasAlsSO16 80361 [28]
Cubic ye’elimite cub-C4AsS CasAls(SO4)012 9560 [29]
Krotite CA CaAl04 260 [30]
Grossite CA» CaAlsO7 34487 [31]
Ferritic phase C2(AF) CazFe1.28Alp.7205 2842 [19]
Calcium sulfate CS Ca(S0y4) 16382 [32]
Lime C CaO 52783 [33]
Alumina A ALO3 73725 [34]




Table 5

Quantitative Rietveld analysis of phases in samples SO, S1, S2.5, S5, S10 and S21 heat-treated at
1300 °C. The values in brackets correspond to the error by the quantitative Rietveld analysis. (*)
Rwp is the weighted profile factor and Rexp is the expected factor.

SO S1 S2.5 S5 S10 S21
orth-C4AsS (wt. %)  83.1(20.7) 89.3 (22) 75.8(x2) 73.2(¥2) 62.0(%2) 28.6(£2)
cub-C4AsS (wt. %) - 9.4 (+2) 22.6(£2) 254(x2) 30.1(£2) 56.7 (£2)
CA (wt. %) 78 (20.7)  0.6(20.1) 0.6(x0.1) 0.70.1) 12(x02) 3.3(x0.4)
CA; (wt. %) 9.1 (x0.4)  0.7(x0.1) 08 (x0.1) - - -

C2(AF) (wt. %) - . 02 (20.1) 0.7(x0.1) 6.7(x0.5) 11.4(x0.8)
Rwp 12.3 8.5 9.5 12.0 14.2 27.5
Rexp 4.4 4.6 4.9 4.8 5.0 8.1






