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ABSTRACT: Clinkers with alite-belite-ye elimite (ABY) are considered as eco-friendly cements.
Clinkering (2 Kg) of two types of ABY clinkers was optimized: standard-ABY, with CaF, and
ZnO as dopants (32.6 wt% alite, 30.4 wt% B-C,S and 15.6 wt% ye'elimite) and cABY, with CaF,,
Zn0, B;03, NaO (14.4 wt% alite, 37.1 wt% B-C,S, 18.5 wt% o'y-C,S and 7.5 wt% ye'elimite). Zn
and F were mainly incorporated in alite and ferrite as dopants determined by EDS semi-
quantitative analysis. The effect of dopants on the hydration of the cement mortars has been tested.
Thus, standard-ABY develops 29.9 MPa compressive strengths at 1 day while tABY does 16.8
MPa, mainly due to the higher amount of alite of the former. The presence of a’y-C,S in aABY
increases mechanical strengths at 28 days of hydration from 44.7 MPa of standard-ABY to 74.9

MPa.
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1. Introduction.

Portland Cement (PC) is the most used binder all over the world. However, during the
manufacturing of one ton of PC, ~0.97 tons of CO, are released to the atmosphere, mainly due to
the limestone calcination to achieve the desired composition [1]. As an example, during the
formation of alite, C3S, which is the main component of PC (> 65 wt%), 0.58 tons of CO, (per ton
of alite) are released. Thus, the cement industry is responsible of ~6% of the anthropogenic CO,
emissions [2]. An eco-friendly approach may consist on the design and fabrication of alternative
cements, called eco-cements, which are composed by less calcite demanding phases, such as
ye’elimite (C4A3S) [2,3]. There are different ye’elimite-rich cements [4] such as Calcium
SulphoAluminate (CSA) cements, which present more than 50 wt% of ye’elimite, and
consequently release up to 37% less CO, than PC. However, they are expensive due to the need of
high purity bauxite. In recent studies, dicalcium silicate-rich CSA cements, sometimes referred as
Belite-Ye elimite-Ferrite (BYF) cements, have been thought as the potential substitute of PC at
large scales [5,6]. These BYF cements generally contain belite, C,S (>50 wt%), as their main phase
and ye’elimite (~30 wt%) as secondary phase. Some BYF cements (with the following
composition: 33 wt% of -C,S and 19 wt% of orthorhombic-ye’elimite) develop low mechanical
strengths [6] at intermediate ages, which is a technological disadvantage that has to be defeated.
The activation of BYF clinkers by stabilizing o’y-polymorph of C,S or getting modified B-C,S, a
distorted form due to the inclusion of foreign elements in the structure [7], may be the key to reach
the objective of substituting PC [5,6,8,9]. In addition, cements with coexistence of alite, belite and
ye’elimite (ABY) have also been examined to improve the final performances of BYF meanwhile
CO; emissions are lower than PC [10-13]. Nevertheless, there are some problems concerning the

clinkering of ABY binders since the optimum temperatures for the synthesis of alite and ye’elimite



are quite different. Alite formation is promoted by the appearance of melting phases, such as iron,
silicates, and alkali sulfates [14], and requires at least 1350°C, while ye’elimite starts its
decomposition at 1300-1350°C [15]. This can be addressed by using small amounts of fluorite
(CaF,) [16,17] in the raw mixture, which will act as flux and mineralizer, permitting the
coexistence of both phases at temperatures ranging between 1250-1300°C [14,15]. Moreover, the
influence of zinc oxide on clinkering is described in the literature for PC and ABY [17-21]. The
addition of ZnO promotes the formation of higher amounts of alite, which contains this element in
its structure; in addition, it also stimulates physical changes in alite crystals: big and hexagonal
alite crystals are transformed into smaller and elongated particles [21]. The addition of other
mineralizers, such as MnO, [22] or P,Os [23] on the phase composition during clinkering is also
described in the literature.

In this work, the addition of different mineralizers and activators was studied to synthesize 5 g of
standard clinker (alite-3-C,S-ye’elimite). After that, the effect of borax on the phase assemblage
of the clinker, named as aABY, (alite-(f and o’y)-C,S-ye’elimite) was studied (5 g). The raw
material mixtures were reformulated to prepare, firstly 90 g, and finally, 2 kg of both clinkers.
Both standard and aABY 2 Kg clinkers were characterized through laboratory X-ray powder
diffraction (LXRPD) in combination with the Rietveld methodology, and field emission gun
scanning electron microscopy (FEG-SEM) combined with energy dispersive X-ray spectrometry
(EDS). The corresponding pastes and mortars, prepared with both 2 kg-clinkers were
characterized. The hydration of the pastes was studied through LXRPD and thermal analyses, and

the compressive strength of the corresponding mortars was measured and discussed.



2. Materials and Methods.

2.1 Clinker preparation.

Natural limestone and natural gypsum (both from Financiera y Minera cement factory, Spain),
Kaolin (ref. NC-35 from Caolines Vimianzo, Spain), natural sand and iron ore (byproduct of the
sulfuric acid industry) were used as raw materials. The addition of CaF, (99.0-102.0% pure, Sigla-
Aldrich), ZnSO4-H,0 (299% pure, Sigma-Aldrich), Na,B40,-10H,0 (VWR, Prolabo), K,CO3
(99%, A.C.S) and Na,COs3 (99.999%, metal basis, Aldrich) was studied as mineralizers/activators.
aABY clinkers contain both B,O3 and Na,O, added as borax (Na,B40;-10H,0). Hereafter F, B, N
and K stand for the amounts in weight percent of CaF,, B,Os, Na,0O and K,0 added, respectively.
Since all the studied mixtures contain 1.0 wt% of ZnO, that amount is not shown in the name of
the clinkers. For instance, cABY_2F1B0.5N corresponds to a boron-bearing composition which
contains 1.0 wt% of ZnO, 2.0 wt% of CaF,, 1.0 wt% of B,05 and 0.5wt% of Na,O.

A first test to prepare the clinkers was performed by mixing the raw materials to obtain very small
batches of approximately 5 grams. These resulting clinkers are named with the prefix sa- (small
amount). For doing this, the raw materials were mixed by hand in an agate mortar for 30 min. After
homogenization, raw materials were dye-pressed and molded into pellets of ~3 g of 20 mm
diameter. Three of these pellets were placed in a Pt/Rh crucible and heated at 5°C/min up to 900°C
and held at that temperature for 30 min. Then, the temperature was raised at the same rate up to
1300°C and held for 15 min. Finally, the clinkers were quenched using forced air convection. The
resulting clinkers were ground and sieved until all the material goes through < 75 pm. For the

preparation of higher amounts of clinker, the raw mixtures (~3 kg to obtain both standard and



aABY) were pre-homogenized for 90 min in a micro-Deval machine (A0655, Proeti S.A., Spain)
at 100 rpm with steel balls (9 balls of 30 mm, 10 balls of 18 mm and 20 of balls of 10 mm). The
procedure was performed in two steps. Firstly, the raw mixture was dye-pressed into pellets of 35
g and 55 mm of diameter and three of them were placed into a large Pt/Rh crucible. These pellets
were also heated at 900°C and held for 30 min (heating rate of 5 °C/min). Then, they were further
heated at 1300°C (at same heating rate) and held for 15 min. Finally, the samples were quenched
using forced air convection. These resulting clinkers are named with the prefix ma- (medium
amount) producing approximately 90 g. Finally, the second step consisted on the repetition of this
procedure in several batches of six pellets, instead of three, to obtain ~2 kg of both standard and
aABY. The resulting clinkers will be named with the prefix la- (large amount) to highlight the

procedure to prepare 2 kg.

Standard and cABY la-clinkers were ground using a vibration disc mill to achieve similar
particle/agglomerate size distribution (PSD). PSD measurements were carried out in a laser

diffraction analyzer (MastersizerS, Malvern) provided with a dry sample cell.

2.2 Cement paste preparation.

Cements were prepared by mixing 14 wt% of anhydrite to both la-clinkers (standard and cABY)
in a micro-Deval machine at 100 rpm, without any balls. Anhydrite was prepared by heating

(700°C for 60 min) commercial autoclaved alpha bassanite from BELITH S.P.R.L. (Belgium).

Cement pastes were prepared with deionized water using a water-to-cement (w/c) mass ratio of

0.4 following UNE-EN 196-3 standard. To improve the workability, 0.4 wt% of the active matter



of a superplasticizer, SP, (polycarboxylate-based, Floadis 1623, with 25 wt% of active matter,
Adex Polymer S.L., Madrid, Spain) was added to the pastes (referred to the cement content). That
amount of SP provides the lowest viscosity values to the pastes. Both pastes were poured into
hermetically closed cylinders of polytetrafluoroethylene (PTFE), and were rotated during the first
24 h (16 rpm) at 20+1°C. After that, both samples were kept in water at 20 + 1°C for 1 and 28 days.
Prior to laboratory X-Ray powder diffraction (LXRPD) characterization, the hydration of the
cement pastes was stopped; for that, samples were firstly manually grinded, and after that, the

powder was washed twice with isopropanol, and once with diethyl ether.

2.3 Mortar preparation.

Mortars were prepared according to UNE-EN196-1 at cement/sand and w/c ratios of 1/3 and 0.5,
respectively, adding the same amount of superplasticizer (0.4 wt% referred to cement) selected for
pastes. CEN EN196-1 standard sand was used. Mortar cubes (3 x 3 x 3 cm?) were cast and cured
at 20 + 1°C and 99% relative humidity (RH) for 24 h. The cubes were demolded and kept in a
water bath (20 + 1°C) for 1 and 28 curing days until mechanical strength characterization

(compression) was performed.

2.4 Laboratory X-Ray Powder Diffraction (LXRPD) data collection.
Patterns of all clinkers and pastes described above (after stopping hydration) were recorded on a
PANalytical diffractometer, X'Pert MPD PRO model, located at Servicios Centrales de Apoyo a

la Investigacion (SCAI) at University of Malaga (Spain). It contains a Ge (111) primary Johansson



monochromator that provides strictly monochromatic CuKa,; radiation (A=1.54059A) and a
X'Celerator RTMS (Real Time Multiple Strip) detector, working in scanning mode with maximum
active length. The X-ray tube worked at 45 kV and 40 mA. Patterns were collected from 5° to 70°
(20) during ~2 hours using a spinning sample-holder (16 rpm) in order to enhance particle
statistics.

A D8 ADVANCE DaVinci (Bruker AXS, Germany) diffractometer with a Molybdenum X-ray
tube and a Johansson Ge(111) primary monochromator for monochromatic MoKa, radiation,
2=0.7093 A was also used to collect the patterns of clinkers mixed with quartz as internal standard.
The X-ray tube worked at 50 kV and 50 mA. The energy-dispersive linear detector LYNXEYE
XE 500 pum, optimized for high energy radiation, was used with the maximum opening angle.
Using these conditions, the samples were measured between 3-35° (20) with a step size of 0.020°

and with a total measurement time of 4 hours by spinning the sample at 10 rpm.

2.5. LXRPD data analysis

The patterns were analyzed by Rietveld method using GSAS [24] software package, by using a
pseudo-Voigt peak shape function with the asymmetry correction included [25,26], to obtain
Rietveld Quantitative Phase Analysis (RQPA). The refined overall parameters were: background
coefficients, phase scale factors, unit cell parameters, zero-shift error, peak shape parameters and
preferred orientation coefficient if needed. The crystal structure descriptions used for all phases
are given in Table 1 [27-38]. An internal standard approach was used to quantify the amorphous
and crystalline non-quantified (ACn) content in the clinkers [39]. Quartz (99.56%, ABCR GmbH

& Co. KG) was added to the samples as internal standard to a total content of ~20 wt%, and this



mixture was homogenized for 10 min in McCrone micronizing mill with isopropanol. The powder
patterns of the clinkers mixed with quartz as internal standard were collected in the D8 ADVANCE
diffractometer with Mo-radiation, as the microsabsorption phenomenon is minimized by high
energy radiations [40]. On the other hand, the ACn content of the anhydrous cements and the pastes,
at 1 and 28 days of hydration, was calculated using the external standard method (G-factor

approach) [5] by using the X'Pert MPD PRO diffractometer.

2.6. Thermal analysis.

Differential thermal (DTA) and thermogravimetric (TGA) analyses were performed, for a ground
fraction of every paste after stopping hydration, in a SDT-Q600 analyzer from TA instruments
(New Castle, DE). The temperature increased from room temperature (RT) to 1000°C at a heating
rate of 10°C/min. Measurements were performed in open platinum crucibles under air flow. The
weighed loss from RT to 600°C was assumed to be water [41] (free and chemically bounded water)

and that from 600 to 1000°C was considered as CO,.

2.7. Field Emission Gun-Scanning Electron Microscopy (FEG-SEM)

The external surface and fracture cross-section of both la-clinker pellets were observed using a
Jeol JSM-840 (Japan) scanning electron microscope (SEM). Prior to SEM observation, all the
samples were gold sputtered.

In addition, la-clinker pellets were embedded in epoxy resin, and polished with diamond down to

3 pm. The elemental compositions were quantified by Field Emission Gun Scanning Electron



Microscopy (FEG-SEM) (FEI, Helios Nanolab 650). Backscattered Electron (BSE) images were
taken at 15 kV with a retractable concentric backscatter (CBS) detector (annular solid-state device).
EDS analysis was carried out with a X-Max 50 mm? detector (Oxford Instruments) with AZtec
software (v.1.0). These samples were iridium sputtered. About 260 points were analyzed in every

clinker.

2.8. Elemental analysis.

The elemental composition of raw materials and final clinkers was measured through X-ray
fluorescence (XRF) using an ARL ADVANT’XP+ (Thermo Fisher) equipment. Boron and sodium
contents in final clinkers were determined by inductively coupled plasma optical emission
spectrometry (ICP-OES), using a 7300DV (Perkin Elmer) equipment. The elemental composition
of each raw material is given in Table S1, as supplementary information. Table 2 gives the nominal
elemental composition of the raw materials mixtures to produce la-standard (ABY) and also sa-,

ma- and la- cABY alite-belite-ye’elimite clinkers (dABY).

2.9. Compressive strengths

The compressive strength of the cubic mortars (3 x 3 x 3 cm?3) was measured in a Model Autotest
200/10 W (Ibertest, Spain) press. Three cubic mortars were tested, at both studied hydration ages,
to obtain the standard deviation values according to UNE-EN196-1. A corrector factor was applied

to the measured values to properly compare with standard prisms (4 x 4 x 16 cm?).



3. Results and discussion.

3.1. Clinkering.

The synthesis of sa-standard ABY clinker (5 g) with the addition of ZnO and CaF, was previously
optimized [21], and following the same methodology, higher amounts of clinkers were prepared.
In that work, it was demonstrated that the addition of CaF, resulted essential to obtain clinkers
containing both alite and ye’elimite, and ZnO helped in the formation of higher amounts of alite.
Because of that, both components are part of every raw mixture prepared in this work. Table 3
gives the mineralogical composition determined by Rietveld method of sa-, ma- and la- ABY
clinkers (detailed in the experimental section) prepared according to [21], and the targeted
composition is also included. The experimental mineralogical composition is close to the targeted
one in all cases. As an example, Figure 1 gives the Rietveld plot for la-ABY_1F clinker, where

the main peaks are labeled.

A step forward of the previous work [21] is to stabilize the o’-polymorph of C,S. The main
objective of this work consists on the determination of the type and amount of dopants to obtain a
clinker with o’y-polymorphs of C,S. Table 4 shows the mineralogical composition of sa-aABY
clinkers prepared following different attempts. It has been previously reported [7] that alkaline
oxides stabilize alpha polymorphs (a-C,S and a'y-C,S) in belite-rich Portland clinkers. However,

the addition of 1.0 wt% of Na,O (¢ABY _1FIN) or 2.0 wt% of K,O (a¢ABY _1F2K) did not yield



to the stabilization of any of the high temperature polymorphs of C,S (as expected by [7]), see
Table 4 and Figure S1, deposited as supplementary information. Consequently, this activation

strategy was ruled out.

The role of borax as activator on belite sulfoaluminate clinkers has also been reported [5,42—44],
therefore borax was added to the raw materials. According to previous studies [43,44], the addition
of 2.0 wt% of B,0; as borax was enough to stabilize all dicalcium silicate as a'y-C,S, in a clinker
with more than 50 wt% of this phase. Consequently, cABY_1F2B0.9N clinker was prepared
(containing 2.0 wt% of B,O5 and 1.0 wt% of Na,O, Table 2). This clinker had the dicalcium silicate
fully stabilized as a'y-C,S but the formation of alite was hindered, as expected [45], see Table 4.
Therefore, the amount of borax was reduced to half, obtaining a clinker, tABY_1F1B0.5N, with
a mixture of both polymorphs, a'y-C,S and -C,S, increasing the ratio /o'y from 0.0 to 0.14, but
alite was still not formed. It is well known that CaF, increases the primary crystallization volume
of C;8S, acting as a mineralizer [46]. Consequently, more fluorite (1.5 and 2.0 wt%) was added to
the raw mixture to promote the formation of alite maintaining the stabilizing effect of boron on
o’g-polymorphs of C,S. Mineralogical compositions of these two resulting clinkers,
aABY 1.5F1B0.5N and aABY 2F1BO0.5N, are given in Table 5. However, this synthetic strategy
was only partly successful as just 4.8(2) wt% of alite was formed in the clinker with 2.0 wt% of
fluorite, Table 5. Consequently, boron oxide was decreased down to 0.5 wt% and 0.3 wt% of B,0s,
maintaining 1.0 wt% of CaF,, to assure the burnability of the raw mixtures [21]. The ratio B/a'y
ratio increased as the percentage of B,O; decreased, Table 4. The addition of 0.3 wt% of B,O; was
not desirable as that obtained ratio was ~13, Table 4. Finally, the raw mixture that contained 0.5
wt% of B,0; allowed the preparation of a clinker containing the three targeted phases, i.e. with

15.3 wt% of a'g-C,S (B/a'y=3.2), 9.7 wt% of alite and 13.4 wt% of ye’elimite, Table 4. The C,S



contents of aABY clinkers are always higher than the alite amounts; however, the same
nomenclature used for the standard clinkers, ABY, has been used here, tABY (instead of aBAY).
Figure 2 shows the evolution of alite, C,S (8 and a’y) and ye’elimite in sa-aABY clinker batches
by adding different amounts of B,O3 as borax and CaF,. By increasing the B,03 content, from 0.2
to 2.0 wt% (when 1.0 wt% of CaF, was added), the amounts of alite and 3-C,S decrease, the o’y-
C,S content increases considerably, and the ye’elimite amount is kept almost constant, Figure 2a.
However, when the B,O3 content is kept constant (1.0 wt%) but the CaF, amount increases (from
1.0 to 2.0 wt%), alite and -C,S contents slightly increase, but o’y1-C,S and ye’elimite amounts

decrease, Figure 2b.

From the study reported above, aABY 1F0.5B0.3N composition was chosen to prepare medium
amounts (90 g), by mixing appropriated amounts of raw materials with borax. The preparation of
this clinker was carried out as previously detailed. Table 6 gives the mineralogical composition
obtained for the intermediate step, i.e. ma-0aABY 1F0.5B0.3N (3 pellets of 35 g each).
Unfortunately, the amount of a'y-C,S was reduced by half when compared to the previous sa-
clinkers (batches of 5 g), see Tables 4 and 6. Consequently, the amount of B,0; (added as borax)
was again updated under these experimental conditions. The increase of boron oxide from 0.5 wt%
to 0.7 wt% yielded to a /a'y=0.8 but the amount of ye’elimite decreased, see Table 6, Figure 2

and Figure S2.

Finally, the amount of 0.6 wt% of B,O; was chosen for the preparation of large amounts, 2 Kg, (6
pellets of 35 g each, and repeating the process several times), see Table 6 and Figure 3. Once 2 Kg
of both clinkers were prepared, they were milled up to similar median particle size for a volume
distribution (Dys50 values of 7.9 and 8.9 pm for la-ABY_1F and /a-aABY 1F0.6B0.3N,

respectively). Figure S3, provided as Supplementary Information, shows the particle size



distribution (and cumulative curves) of both Ia-clinkers after milling. Both of them are
polydisperse, where the la-ABY_1F powder shows a trimodal behavior (peaks centered at ~0.7,
~9 and ~60 pm), and the la-aABY_1F0.6B0.3N sample has a bimodal behavior (peaks centered
at ~0.7 and ~10 pm). The values of Dy, Dys0 and Dy of both powders are shown as an inset in

Figure S3.

3.2. Microstructural analysis of la-clinkers.

Firstly, non-polished pellets of the /a-clinkers were analyzed by SEM. Figures 4a and 4c show the
micrographs of the external and the fracture surfaces, respectively, of /la-ABY 1F clinker. Figures
4b and 4d show the corresponding micrographs for /a-aABY 1F0.6B0.3N. Some conclusions can
be drawn from this preliminary study: i) /a-ABY 1F clinker is more porous than /a-
aABY 1F0.6B0.3N, Figures 4a and 4b, mainly due to the addition of borax in the latter which
decreased the liquid phase appearance temperature [45] and favors the growth of the primary
particle size; and ii) C,S, which is present as rounded particles, is detected in both clinkers, with
particle sizes lower than 5 um in /a-ABY 1F and about 10 um in /la-aABY 1F0.6B0.3N, Figures
4c and 4d, respectively, as previously observed [47,48]. Moreover, alite was primarily present as
irregular angular crystals of ~30 pum in both clinkers (Figures 4b and 4c). The elongated shape of
alite observed in LA-ABY 1Fwas also detected in a previous work [21], and was attributed to the
presence of ZnO (Figures 4a and 4c). However, the addition of B,0; seems to have hampered the
development of this elongated shaped alite, favoring slightly larger angular particles of C;S. For a

deeper study, la-ABY 1F and /a-aABY 1F0.6B0.3N clinkers were embedded in epoxi resin and



polished as detailed in the experimental section to be analyzed by EDS in the FEG-SEM
microscope. Since the interaction volume is 1-2 pm?, data have to be taken with caution and have
to be considered as semiquantitative. Consequently, the discussion given below has to be
considered as relative and not as absolute values. Figure 5 gives a triangle plot representing Al+Fe,
Cat+Mg and Si+S atomic percentages for every measurement in each clinker. The theoretical
values of these parameters for stoichiometric phases are also represented as solid blue symbols.
The EDS measurements were clustered relatively close to the stoichiometric values; different
symbols have been assigned: squares for C;S, circles for C,S, up-triangle for ye’elimite, rhombus
for C4AF, and down-triangle for CaF,-CyS3S;. The micrographs displayed in Figure 6 were chosen
to be representative of size and form of alite, C,S (a’y and B polymorphs), ferrite and ye’elimite
crystals. A previous study [21] revealed that the addition of ZnO promoted the alite stabilization.
Figure 7a shows the iron vs. sulfur content (atomic percentage), and Figure 7b shows the zinc
atomic percentage vs. fluorine atomic percentages, of the EDS data obtained from both /a-clinkers.
Here, the same symbol labeling, as in Figure 5 has been followed. The theoretical values have also
been included for the sake of comparison. This representation reveals that Fluorellestadite contains
the higher amounts of fluorine, as expected. Moreover, it can be observed that Zn and remaining
F are mainly incorporated into ferrite, where both clinkers show the same tendency. Alite contains
more zinc than C,S (a’y and B polymorphs) as expected [21]. Furthermore, sulfur is mostly
incorporated into Fluor-ellestadite, ye’elimite and, in lower percentages, in C,S (both o’y and 3

polymorphs and ferrite [49].

From the EDS study, experimental formulations for alite and belite were determined. To calculate
the chemical composition of alite, it was assumed that Mg?* substitutes Ca and that AI** was placed

in both the Ca and Si sites [50] giving Ca, 64Mgo.06Al0.05(Sig.95Alp.05)O04.75 formula. On the other



hand, belite chemistry composition was determined by assuming that both A" and sulfur
substituted Si [51] giving Ca; 79(Sig.85Al0.0850.07)O3.81 chemical formula. Unfortunately, in the EDS

analysis of la-aABY 1F0.6B0.3N it was not possible to distinguish between 3 and o’y C,S.

3.3. Elemental analysis of final clinkers.

Table 7 shows the mineralogical composition (in weight percentage) determined by RQPA,
including the ACn content, of the la-ABY 1F and /a-0aABY 1F0.6B0.3N clinkers, after preparing
2 kg of each clinker. The final composition of these /a-clinkers is quite similar to that found for
the corresponding ma-clinkers (Tables 3 and 6), taking into account that the former data include

ACn content, confirming the reproducibility of the method.

A deeper study on the composition of the /a-clinkers was performed. Table 8 gives the elemental
composition, expressed in weight percentage of oxides, of the final clinkers obtained by XRF and
ICP techniques. When these data (XRF+ICP column) are compared with the nominal elemental
composition of the raw mixtures (also included in Table 8), it can be deduced that part of the sulfur
was lost during the clinkering of both materials. Consequently, as all the elemental compositions
as normalized to 100%, the remaining element contents seems to be partially overestimated when

compared to the nominal composition.

We have also included in Table 8 the derived elemental composition calculated from RQPA
reported in Table 7. The calculated chemical formulas for alite and belite from EDS study were

used for this calculation. The elemental composition of the ACn can be estimated by the difference



between the elemental composition obtained from XRF & ICP and the derived elemental
composition from RQPA, Table 8. The negative value of the percentage of SiO, of ACn in /a-
aABY 1F0.6B0.3N may be related to semiquantitative EDS analyses performed, that gave
approximate stoichiometries for alite and dicalcium silicate phases. In order to properly compare
the chemical nature of both ACn contents, data from Table 8 have been renormalized to 100 wt%
of oxides, not taking into account the negative values, and are shown in Table 9. These values
indicate that ACn elemental composition is close to amorphous calcium aluminates in both
clinkers. However, /a-aABY 1F0.6B0.3N amorphous phase contains slightly more amount of
minor elements different from Ca and Al. Moreover, the amount of ACn in both clinkers is also
very similar and low, taking into consideration that the quantification of amorphous contents below

10 wt% are subjected of higher errors [52].

3.4. Hydration of la-ABY_1F and la-aABY_1F0.6B0.3N cements

It has been proved that the addition of boron and sodium yield to the stabilization of a’y C,S.
Moreover, this addition has promoted the disappearance of the elongated particles (a change in the
morphology) and bigger rounded ones (a change in size), as shown in Figures 6¢ and 6d. To
determine the effect of these facts on the hydration of both cements, pastes and mortars were
prepared. Table 10 shows the phase assemblage of both cement pastes at 0, 1 and 28 days of
hydration, including ACn and free water (FW) contents. ACn was determined by the external
standard methodology as detail in the experimental section. FW was calculated by analyzing DTA-

TGA curves of stopped pastes by using this equation:

BWATDXCM

FEW=Wr - 150 -Bw,rp’



where BW a1p is the loss up to 600°C from DTA-TGA curves (given in Table S2 as supplementary
information), Wr is the total amount of initially added water (33.33 wt%) and CM is the weight
percentage of cement used (66.67 wt%).

As explained before, the addition of borax to the raw materials not only helps the formation of o’y-
C,S, but also modifies the phase assemblage (by decreasing the amount of alite and ye’elimite)
and the size (by increasing the rounded particles) of the phases. Consequently, these effects may
cause different hydration behaviors. The amount of ACn content of the cements at 0 days, Table
10, are higher than those obtained for the clinkers mainly due to the addition of anhydrite and the
milling process.

During hydration, the content of anhydrous phases is diminishing with time, in both cements, and
the content of hydration phases is increasing. On the one hand, a’y-C,S reacts at a higher pace at
1d of hydration than B-C,S in the la-aABY 1F0.6B0.3N paste, as expected, where the degree of
reaction of a’y-C,S is ~11 while B-C,S has not reacted at 1d. Moreover, the degree of reaction of
B-C,S is also different in both cements. While this polymorph in /la-ABY 1F clinker achieves
~34% of degree of reaction after 28 days; in /la-aABY 1F0.6B0.3N the value is close to 74%,
confirming that the different hydration environment also has enhanced the hydraulic behavior of
C,S. On the other hand, initially, the /a-ABY 1F paste contains higher amounts of alite and
ye’elimite. The reaction degrees of alite and ye’elimite after 1 day of hydration, ~50% and ~78%,
respectively, are higher in the /a-ABY 1F paste than in the /a-aABY 1F0.6B0.3N paste, ~26%
and ~26%, respectively. At 1 day of hydration, the AFt content quantified in the /a-ABY _IF paste
is higher than that found in the /a-aABY 1F0.6B0.3N paste. In addition, the former shows a lower
amount of free water, Table 10, which is also related with the higher degree of reactivity of ABY;

this is in agreement with the lower primary particle size of the phases. Table 10 includes the



expected mineralogical composition (including FW and ACn). These values have been calculated
by taking into account the actual degree of reaction of C;S and C,S polymorphs by using the
following reactions [53]:

C3S+52H - CigSH,+ 1.2 CH

C,S+42H - C13gSH,+ 0.2 CH

Moreover, it is well known that in the presence of silicate the hydration of ye’elimite phase can
take two alternatives [54]:

C4AsS+8CS+6CH+90 H - 3 CgAS3H3,

C4A3S+2CS+38CH+90 H - CgAS;H3, + 4 AH;

It has been assumed that ye’elimite reacts at 50% by the first equilibrium and 50% in the second
one, in both cements.

The reactivity of mayenite in /a-aABY 1F0.6B0.3N paste follows [55]:

CppA7 +12 CSH, + 113 H — 4 C¢AS;H3, + 3 AH3

For the sake of simplicity, we have considered that C,AF is not reacting. It has to be taken into
account that all C; gSH, and AHj; has been included as ACn in table 10. The expected composition
match very well the experimentally obtained values in both cement pastes. The higher amount of
expected ettringite may be due to its decomposition (experimentally observed) which will increase
the amount of amorphous and AFm. The expected amount of free water is slightly higher than the
experimentally measured because in the calculations C4AF has not been taken into account.

The difference in degree of reactions between both cement pastes justify the higher mechanical
strengths (compression) measured for the /a-ABY 1F mortars at 1 day of hydration, Figure 8 (and
table as an inset). However, at 28 days of hydration, the compressive strength of /a-

aABY 1F0.6B0.3N mortars is much higher, Figure 8. This is related to the higher 3.C,S contents,



which reacts at higher ages, and also the presence of the more reactive phase of a’y.C,S. This is in
agreement with lower free water content quantified at this age, Table 10. It is worth to highlight
the high values of compressive strengths achieved by the /a-oaABY 1F0.6B0.3N mortar at 28 days

(75 + 2 MPa).

4. Conclusions

In this study, 2 kg of standard ABY clinker, with coexistence of C3S and C4A;S, were prepared by
adding 1 wt% of CaF, and 1 wt% of ZnO and heated up in a two steps procedure (900°C/30 min
and 1300°C/15min) followed by a quenching in batches of 90 grams.

Furthermore, the stabilization of a-forms of belite by adding dopants to the standard raw mixture
has been obtained by adding 0.6 wt% of B,0O5 and 0.3 wt% of Na,O, as borax, to the raw mixture,
which also contained 1 wt% of CaF, and 1 wt% of ZnO. The addition of other elements such as
Na,0 or K,O, or higher amounts of borax was ruled out as no stabilization was achieved.

The EDS study revealed that, in both clinkers, Zn and F are mainly incorporated into ferrite and
alite, and sulfur is preferably incorporated into Fluor-ellestadite, ye’elimite and, in lower
concentrations, in belite and ferrite. The elemental composition of the amorphous fraction of the
clinkers has been determined by a joint study of XRF data and EDS-semiquantitative results. ACn
elemental composition is close to amorphous calcium aluminates in both clinkers; while /a-
aABY 1F0.6B0.3N amorphous phase contains slightly more amount of minor elements different
from Ca and Al

Finally, mortars prepared using the standard clinker show higher compressive strengths than the

boron-bearing one at 1 day of hydration, due to the higher ye’elimite and alite contents, jointly



with the lower particle size of the phases. However, at 28 hydration days, mortars prepared with
the boron-bearing clinker show very high compressive strength values, much higher than those for

the standard mortars, which is related to the presence of o’y belite.
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Figure captions
Figure 1. LXRPD Rietveld plot for /a-ABY _1F clinker, with main peaks labelled.

Figure 2. Evolution of alite, belite (B and a’y) and ye’elimite (wt%) in the sa-aABY clinker
batches (5 g) by adding different amounts of (a) B,O3 and (b) CaF»,.

Figure 3. LXRPD Rietveld plot for /a-aABY 1F0.6B0.3N clinker, with main peaks labelled.

Figure 4. SEM micrographs for (a) and (¢) /a-ABY 1F and (b) and (d) /la-aABY 1F0.6B0.3N at
different magnifications, being (a) and (b) the external surface and (c) and (d) the fracture surface.

Figure 5. Triangle plot of EDS measurements of /a-ABY 1F (black empty symbols) and /a-
aABY 1F0.6B0.3N (red empty symbols) where Al+Fe, Si+S and Ca+Mg atomic percentages are
represented. Blue solid symbols stand for the theoretical values for stoichiometric phases. Square:
alite; circle: belite; up-triangle: ye’elimite; thombus: ferrite; down-triangle: fluor ellestadite.

Figure 6. Polished cross-section SEM micrographs of (a) /a-ABY 1F and (b) la-
aABY 1F0.6B0.3N. Symbols as in Figure 5.

Figure 7. EDS measurements: (a) Zn vs. F atomic percentages and (b) Fe vs. S atomic percentages
of la-ABY _1F and la-aABY 1F0.6B0.3N. Symbols as in Figure 5.

Figure 8. Compressive strengths values of mortars prepared with standard-/a-ABY 1F and /a-
aABY 1F0.6B0.3N clinkers at 1 and 28 hydration days.



Table 1. Bibliographic information and ICSD collection codes for all phases used for Rietveld refinements.

Name Polymorph/Phase ICSD Codes Biblio. Ref.
Alite M;-C5S 94742 [27]
. a'y-CsS 431571 28
Belite B-CS_ 81096 %31}
y s 0-C4A;3S 237892 32
Ye'elimite -CiASS 194482 %33}
Brownmillerite (Ferrite) C,AF 9197 [34]
Tricalcium aluminate c-C3A 1841 [35]
Mayenite c-CA, 241243 [36]
Fluor-ellestadite CaF,-CyS5S; 97203 [37]
Calciolangbeinite C,KS; 40989 [38]
Lime (CaO) C 52783 [29]

Periclase (MgO) M 9863 [30]




Table 2. Nominal elemental compositions, expressed in weigh percentage of oxides excluding water and CO,, of all raw mixtures used
to prepare ABY and aABY clinkers. Prefix sa- means “small amount” (3 pellets of 3 g each), ma- means “medium amount” (3 pellets
of 35 g each), la- means “large amount” (6 pellets of 35 g each).

Clinker CaO SiO, ALO; SO; Fe;0;3 MgO K,O0 Na,O ZnO CaF, B,0;
la-ABY_1F 589 198 107 54 1.6 0.8 0.8 -- 1.0 1.0 --
sa-0oABY_1F1IN 583 196 106 53 1.6 0.8 0.8 1.0 1.0 1.0 --
sa-0ABY_1F2K 582 196 105 53 1.6 0.8 2.0 -- 1.0 1.0 --
sa-0oABY_1F2B0.9N 572 192 104 52 1.5 0.8 0.8 0.9 1.0 1.0 2.0
sa-0oABY_1F1B0.5N 580 195 105 53 1.6 0.8 0.8 0.5 1.0 1.0 1.0
sa-0ABY_1.5F1B0.5N 5777 194 105 53 1.6 0.8 0.8 0.5 1.0 1.5 1.0
sa-0ABY_2F1B0.5N 574 193 104 52 1.5 0.8 0.8 0.5 1.0 20 1.0

sa-0ABY_1F0.5B0.3N 585 197 106 53 1.6 0.8 0.8 0.3 1.0 1.0 0.5
sa-0ABY_1F0.3B0.1N 587 197 10,6 53 1.6 0.8 0.8 0.1 1.0 1.0 0.3

ma-0ABY_1F0.5B0.3N 585 197 106 53 16 08 08 03 1.0 10 05
ma-0ABY_1F0.7B0.4N 58> 196 105 53 16 08 08 04 10 10 07
ma-0ABY_1F0.6B0.3N 584 196 106 53 16 08 08 03 10 10 06
la-eABY_1F0.6B0.3N 584 196 106 53 16 08 08 03 10 10 0.6




Table 3. Mineralogical composition of standard ABY clinkers obtained by RQPA. The targeted mineralogical composition is also
included. Prefix sa- means “small amount” (3 pellets of 3 g each), ma- means “medium amount” (3 pellets of 35 g each), la- means
“large amount” (6 pellets of 35 g each). Numbers between brackets are mathematical errors from Rietveld fits (not standard

deviation).
phases Targeted sa-ABY 1F ma-ABY 1F la-ABY 1F
C;5S-M; 45.0 29.5(1) 37.5(2) 41.5(2)
B-C,S 25.0 44.3(2) 32.8(2) 28.4(3)
v-C,S -- -- -- --
a'yg-C,S -- -- -- --
0-C4A3§ 20.0 10.5(3) 10.0(3) 9.3(3)
c-C4A;S ' 7.3(3) 7.4(3) 8.1(3)
C4AF 5.0 4.6(2) 4.1(1) 3.8(1)
CS 5.0 -- 0.5(1) 0.4(1)
C;A -- 1.5(1) 0.4(1) 0.3(1)
CiA; -- -- -- 0.6(1)
Can-C9S3§3 - 04(1) 42(2) 4.3(2)
CaO -- -- 1.2(1) 1.9(1)
MgO -- 1.0(1)

C.KS; - 1.&1) 1.0(1) 1.521)




Table 4. Mineralogical composition (in weight percentage) determined by Rietveld method of sa-aABY clinkers, doped with alkaline
oxides and borax. Batches of 5 g (3 pellets of 3 g each) were prepared. Numbers between brackets are mathematical errors from
Rietveld fits (not standard deviation)

aABY IFIN aABY 1F2 oABY 1F2B0.9 oABY 1F1B0.5 @ABY_1F0.5B0.3 oABY 1F0.3B0.1

K N N N N
C3S-M; 31.6(2) 30.5(2) -- -- 9.6(1) 18.1(2)
B-C,S 44.9(2) 39.0(2) -- 9.0(3) 49.4(2) 52.1(2)
v-C,S -- -- 1.5(2) 0.5(1) - 0.8(1)
ao'yg-C,S -- - 73.2(1) 64.7(1) 15.1(3) 3.94)
0-C4A;3S 6.3(4) 5.2(3) 9.8(4) 6.4(4) 7.42) 8.8(3)
c-C4A3S 4.3(4) 5.403) 3.2(4) 3.0(4) 6.0(3) 7.4(3)
C/AF 2.8(2) 3.7(1) 5.3(2) 3.8(1) 4.5(2) 4.0(1)
CS -- -- -- -- - --
C:A 1.5(1) 1.3(1) 2.2(1) 6.2(1) 4.3(1) 1.8(1)
CA4 7.3(2) 7.6(1) 2.6(1) 3.1(1) 0.5(1) --
CaO -- - -- -- - --
MgO -- -- -- -- - --
CaF,-CyS;S; 1.4(2) 1.9(1) 1.2(2) 1.2(2)

C,KS; 1.5&1) 6.&2) 1.0(1) 1.3(2) 2.1(1) 2.0(1)




Table 5. Effect of calcium fluoride content (1.5 and 2.0 wt%) on the phases of sa-aABY clinker.
Batches of 5 g (3 pellets of 3 g each) were prepared. Numbers between brackets are
mathematical errors from Rietveld fits (not standard deviation)

¢ABY_1.5F1B0.5N

0ABY 2F1B0.5N

C;S-M;
B-C,S
'Y-CzS

(X.'H-Czs

0-C4A3§

C-C4A3§
C4AF

CS
C:A
Ci2A4
CaO
MgO

Can-C9S3§3

C,KS;

0.8(1)
12.2(3)

58.9(2)
4.6(3)
3.3(3)
4.5(2)
1.0(1)
4.7(2)
6.3(1)

2.6(1)
1.0(1)

4.8(2)

14.7(3)

1.6(1)

50.1(2)

2.5(2)
2.0(2)
4.5(2)
1.5(1)
2.1(2)

4.&1)
1.1(1)

10.9(1)

Table 6. Mineralogical composition (in weight percentage) determined by RQPA of adABY
clinkers doped with different amounts of borax. Prefix sa- means “small amount” (3 pellets of 3 g
each), ma- means “medium amount” (3 pellets of 35 g each), la- means “large amount” (6 pellets
of 35 g each to produce 2 kg). Numbers between brackets are mathematical errors from Rietveld
fits (not standard deviation)

Phases ma- ma- ma- la-
oadABY 1F0.5B0.3N aABY 1F0.7B0.4N oABY 1F0.6B0.3N aABY 1F0.6B0.3N
C3S-M; 21.4(2) 9.1(2) 15.5(2) 15.7(2)
B-C,S 44.7(2) 28.9(3) 36.6(2) 41.8(2)
v-C,S -- -- - -
a'yg-C,S 8.2(3) 36.4(2) 22.6(3) 18.0(3)
0-C4A5S 6.0(2) 3.4(2) 5.9(5) 2.9(2)
c-C4A;5S 5.02) 3.4(2) 3.2(5) 4.8(2)
C4,AF 3.8(1) 3.1(1) 3.3(1) 3.2(1)
CS -- - - -
C;A 1.7(1) 3.4(2) 2.6(2) 2.412)
Ci2A7 5.5(1) 7.3(1) 4.7(1) 6.6(1)
CaO -- - 1.0(1) 1.0(1)
MgO -- -- -- -
Cak,- 3.5(2) 4.2(2) 3.6(2) 3.1(2)
CoS;S;
C,KS; 1.2(1) 0.9(1) 0.8(1) 0.6(1)
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Table 7. Mineralogical composition (in weight percentage) determined by RQPA of /a-ABY 1F
and /a-aABY 1F0.6B0.3N clinkers, including the ACn. These are the clinkers prepared in large
amount, i.e. 6 pellets of 35 g each to produce 2 kg. Numbers between brackets are mathematical
errors from Rietveld fits (not standard deviation)

Phases la-ABY_1F la-0ABY _1F0.6B0.3N
C3S-M; 32.6(3) 14.4(3)
B-C.S 30.4(4) 37.1(4)
a'y-C,S - 18.5(5)
0-C4A;S 9.8(8) 2.8(7)
c-C4A;S 5.8(8) 4.7(7)
C,AF 4.3(2) 3.9(2)
CS - -
C:A - -
Ci2A4 1.2(1) 7.7(2)
CaO - -
MgO -- -
CaF,-C,S;S; 3.5(3) 4.2(4)
C,KS; - -
ACn 12.6(2) 6.6(2)
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Table 8. Nominal elemental composition (as in Table 2), direct (from XRF and ICP) and derived (from LXRPD) elemental analyses,
expressed as oxide weight percentages, of la-ABY_1F and /a-aABY 1F0.6B0.3N clinkers.

la-ABY_1F
Crystalline Amorphous
Nominal fraction Amorphous Nominal Crystalline fraction
Elemental XRF & from fraction from Elemental fraction from from
composition ICP LXRPD* LXRPD* composition | XRF & ICP LXRPD* LXRPD*
wt% wt% la- wt%
wt% wt% oaABY 1F0.6B0.3N wt% wt% wt%
CaO 58.9 58.9 51.6 7.3 58.4 58.6 55.2 33
SiO, 19.8 20.1 19.0 1.1 19.6 19.8 22.1 -2.3
Al O; 10.7 12.3 10.9 1.4 10.6 12.2 9.9 2.3
SO; 54 3.6 3.9 -0.3 5.3 34 3.2 0.2
Fe,03 1.6 1.5 1.4 0.1 1.6 1.6 1.3 0.3
MgO 0.8 1.1 0.4 0.7 0.8 1.1 0.2 0.9
Zn0O 1 1.0 -- 1.0 1 1.0 -- 1.0
K,O 0.8 0.5 -- 0.5 0.8 0.5 -- 0.5
Na,O -- 0.0 -- -- 0.3 0.3 0.5 -0.2
CaF, 1 1.0 0.3 0.7 1 1.0 0.3 0.7
B,O; -- 0.0 -- - 0.6 0.6 0.6 --
Total 100 100 87.4 12.6 100 100 93.4 6.6

*Elemental composition of ACn fraction = elemental composition from XRF&ICP — Elemental composition of the crystalline fraction
#Stoichiometric phases have been wused for calculations, except: Cas Mg osAlyos(SioosAlyos)Os75 for alite and

Cay 79(S19.g5Al9.08S0.07)03.75 for B-belite, both obtained from the EDS-FEG-SEM study, and Ca, gsNag ;5(SiO4)055(BO3)o.15 for o’y-belite
from [28]
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Table 9. Derived (from LXRPD) elemental analyses, expressed as oxide weight percentages, of the amorphous fraction of la-ABY_1F
and /a-aABY _1F0.6B0.3N clinkers, normalized to 100 wt%.

la-ABY_1F la-0aABY 1F0.6B0.3N
wt% wt%
CaO 57 36
SiO, 9 -
AlL O3 11 25
SO; -- 2
Fe,0; 1 3
MgO 5 10
ZnO 8 11
K,0 4 5
NaZO == ==
CaF, 5 8
B,0; - -
total 100 100
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Table 10. Rietveld quantitative phase analysis results in weight percentage (including ACn and FW) for la-ABY_1F and la-
aABY_1F0.6B0.3N pastes, with w/c = 0.50 and 0.4 wt% SP, as a function of hydration. Numbers between brackets are mathematical

errors from Rietveld fits (not standard deviation)

la-ABY_1F la-0ABY_1F0.6B0.3N
Phases 0od 1d 28d Calculated od 1d 28d Calculated
28d 28d
C3S-M; 17.4(3) 7.7(2) 1.13) 1.1 5.8(3) 4.3(2) 0.7(2) 0.7
B-C,S 15.3(4) 15.1(3) 10.6(3) 10.6 17.9(3) 18.6(2) 4.7(4) 4.7
o'5-C2S - - - 8.7(4) 54(3)  1.103) 11
0-C4A3S 37(5) 0.93) ; ; 1.8(3) 2.6(1) _ _
c-C4A3S 4.4(5) 0.8(3) - - 2.6(4) - - -
C4,AF 2.3(2) 1.8(1) - 2.3 1.7(2) 1.6(2) - 1.7
CS 9.1(3) ; ; 0.1 9.1(3) ; 0.5
CpA4 - - - 3.1(2) 1.2(1) - -
MgO 0.5(1) - - 0.5 - - -

CaF,-CoS5S; | 1.1(3) 1.0(3) 1.0(3) LI 1.0(4) 1.6(1)  0.6(3) 1.0
AFt - 28.0(2) 25.2(2) 33.3 - 23.6(2) 27.2(2) 29.2
AFm ; 02(1) 27907 ; _ ; 4.0(8) _

CH - 0.4(1) 2.0(1) 3.8 - - 1.9(1) 2.2
Katoite - - 1.4(4) - - - 0.8(2) -
ACn 12.8 29.6 48.6 12.8%425. 1% 15.0 22.0 54.3 15%+34.8%
Free Water 333 14.5 7.3 9.3 333 19.0 4.7 9.1

¢Initial ACn content of the clinker; *ACn from hydration, i.e. C-S-H gel and AHs.
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Raw XRPD patterns analyzed in the article can be found online on Zenodo at

https://doi.org/10.5281/zenodo.1304464 and used under the Creative Commons Attribution

license. The code of these files corresponds to the names of the samples analyzed in this article,
where it is clearly explained what each one means. *.xrdml files have been collected with CuKa,

monochromatic radiation and *.raw files with MoKa; monochromatic radiation.

aABY 0d.xrdml
aABY_1d.xrdml
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Figure S1. Raw LXRPD patterns of aABY 1FIN (bottom) and aABY 1F2K (top), with main
peaks due to a given phase labeled.
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(middle) and ma-aABY 1F0.8B0.3N (top), with main peaks due to a given phase labeled.
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Figure S3. Particle size distribution of ABY and a ABY powders after the preparation of 2 Kg
each and milling. The inset shows the values of Dy, Dyso and Dyg, of both samples.

Table S1. Elemental composition of raw materials expressed in weight percentage of oxides

determined by XRF.

wt% CaO SiO, SO; ALO; Fe03 MgO K,O Na,O ZnO  TiO, Lol*
Limestone  54.50(1) 1.00(1) -- 0.40(2) 0.10(1) 0.70(3) - - -- -- 43.10(1)
Gypsum 37.90(1) 8.00(1) 28.30(1) 2.80(1) 1.00(1) 2.10(1) 0.50(2) 0.20(2) -- 0.10(1) 18.80(1)
Kaolin -- 44.70(3) -- 38.90(1) 1.00(1) 0.30(1) 1.60(1) 0.20(2) -- 0.10(2) 13.00(1)
Sand 3.70(1) 83.30(1) -- 2.20(1)  1.80(1) 2.20(1) 0.30(1) 0.10(1) -- 0.10(1) 6.00(1)
Iron Ore 0.30(2) 8.50(1) 1.50(1) 1.20(1) 80.60(1) 0.30(2) 0.30(1) 0.60(5) 1.80(1) 0.10(1) 2.30(1)
Anhydrite  40.10(1) 1.00(1) 56.10(1) 0.10(3) 0.50(3) 0.03(2) 0.40(3) 1.31(3)

*Lol: Loss of Ignition



Table S2. Weight losses up to 600°C (BWurp) for all the pastes la-ABY 1F and
la-oABY _1F0.6B0.3N stopped pastes obtained from TGA curves.

la-ABY_1F la-aABY 1F0.6B0.3N
1d / wt% 28d / wt% 1d / wt% 28d / wt%
22.0 28.1 17.7 30.1




