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ABSTRACT 

The hydration behavior of two alite-belite-ye�elimite (ABY) cements has been studied. The 

production of these materials releases into atmosphere ~17% less CO2 than Portland cement. ABY 
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cement contains alite, G�#2S and ye'elimite as main phases while dABY (activated by adding 

borax) contains these three phases but also IJH-C2S. The role of boron in these systems is two-fold: 

i) acting as a retarder at early hydration ages, since the precipitation of AH3-gel has been delayed 

from over 4 hours in ABY to over 24 h in dABY; and ii) as an activator at late hydration ages by 

stabilizing highly reactive G� and IJH-belites. The degree of hydration of G�#2S in ABY is 42% at 

28 days, meanwhile that of G�#2S and IJH-C2S in dABY at the same age is 80 and 88%, 

respectively. Moreover, the main hydration products in both systems are ettringite and C-S-H gel. 

The local structure of these hydrated products have been studied by 27Al and 29Si MAS-NMR and 

found to be similar in both cements. However, the amount of C-S-H gel is 63% of all silicon 

bearing phases in ABY after 28 days while is 76% (determined by 29Si MAS-NMR) in dABY 

which justifies the higher mechanical strengths of dABY mortars.

Introduction.

The challenge of reducing greenhouse emissions is one of the most important issues that scientists 

are facing. Portland Cement (PC) production releases up to ~0.98 tons of CO2 per ton of cement 

type-I manufactured, taking into account the limestone calcination (0.54 tons), the burning of the 

fossil fuels (0.34 tons) and the electricity for grinding (0.09 tons). Thus, the cement industry is 

responsible of ~7% of the total CO2 emissions due to human activities1�3. There are several 

approaches to reduce these emissions4, such as lowering the amount of clinker in the final cement 

by blending with Supplementary Cementitious Materials (SCMs)5 or modifying the raw materials 

and consequently, the chemical composition of the final product2. The main component of PC is 

Ca3SiO5 (alite or C3S) which is a high calcium demanding phase. Calcite is the main calcium 

source in cement production and CO2 comes from the decarbonation of calcite in the kilns. 

Hereafter, the cement nomenclature will be adopted: C=CaO, S=SiO2, A=Al2O3, F=Fe2O3, ,SR,=3 
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3

and H=H2O. Alite hydration products are the main responsible of the high mechanical strengths 

developed by PC at early ages. Calcium sulfoaluminate (C4A3,S or ye�elimite) containing cements 

are included in the second approach, as this phase is a less calcite demanding phase.4,6 In the recent 

years, an economical and environmental alternative known as Belite-Ye´elimite-Ferrite (BYF) 

cements have been proposed7�10. These BYF cements usually contain belite, C2S (>50 wt%) and 

ye�elimite (~30 wt%), as their main phases. A reduction of 0.15 tons of CO2 due to decarbonation 

of raw materials in the kiln is achieved in the production of BYF cements. Additionally, the lower 

clinkering temperature and the more friable material obtained cause a reduction of 0.06 extra tons 

of carbon dioxide due to the burn of the fuel and the consumption of electricity during milling. 

The development of these materials is still under research11,12 due to three main issues; i) the early 

hydration of ye�elimite phase with anhydrite or gypsum and the rheological behavior should be 

controlled to obtain the desired mechanical performances13, ii) the durability performances are still 

unknown and likely related to those of calcium sulfoaluminate cements14 and iii) the development 

of mechanical strengths with a strength gain vs time similar to that of PC by activation/enhancing 

the reactivity of the main phase, i.e. belite.10,15,16 There has been several approaches to achieve this 

latter goal, stabilizing I��
���
���� of C2S by the inclusion of foreign elements in the structure 

10,17,18 (for instance B2O3 and Na2O) or by the increase of sulfate content in the raw mix16,19. The 

main aim of these strategies is to stabilize IAH-C2S which is more hydraulically active at early 

ages20. A step forward in the activation of these materials is the production of cements with 

coexistence of alite, belite and ye�elimite (ABY)21�24. The main idea of these types of materials is 

to profit from the early mechanical strength development due to the hydration of alite. However, 

the clinkering of ABY binder is challenging since the optimum temperature for the alite formation 
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4

is above the decomposition temperature of ye�elimite.25 This drawback has been overcome by 

adding fluorite to the raw mix26,27 jointly with other minor elements.28�33

Moreover, there is still lack of information on the properties of fresh pastes of ye�elimite based 

materials. The addition of additives to control the setting time and/or the rapid increase of viscosity 

is of great importance in order to achieve high mechanical strengths34,35. The addition of retarders 

such as boric acid or citric acid provokes a diminution of the 1 day mechanical strengths but an 

increase in the later ages when compared with the mortars without any additive13,36.

In this work, the early hydration of two ABY cements has been characterized. These ABY cements 

have been prepared following the two described activation approaches, i.e the presence of alite 

and ye�elimite and the addition of boron to stabilize the I��
���
���� of C2S. The hydration 

behavior and the nature of main hydrated phases have been studied and correlated to mechanical 

properties.

Experimental Procedure.

Cement preparation.

ABY and dABY clinkers were prepared by clinkering raw mixtures at 1300ºC for 15 minutes as 

detailed elswhere37. The elemental compositions of the clinkers are given in Table 1.

Table 1. Nominal elemental compositions, expressed in weigh percentage of oxides excluding 
water and CO2, of all raw mixtures used to prepare ABY clinkers.

Clinker CaO SiO2 SO3 Al2O3 Fe2O3 MgO K2O Na2O ZnO CaF2 B2O3

ABY 58.9 19.8 5.4 10.7 1.6 0.8 0.8 -- 1.0 1.0 --

dABY 58.4 19.6 5.3 10.6 1.6 0.8 0.8 0.3 1.0 1.0 0.6
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5

Both clinkers were grinded with 14 wt% of anhydrite to prepare the cements (being this the 

stoichiometric amount of calcium sulfate needed for full reaction with ye�elimite/aluminates to 

yield ettringite). The anhydrite used was a commercial bassanite from BELITH S.P.R.L. (Belgium) 

heated at 700°C for 60 min. Blaine parameters of the final cements were 374 and 294 m2/kg for 

ABY and dABY, respectively. Figure S1, given as supplementary material, shows the particle size 

distribution (PSD) of both cements, being Dv,50 and Dv,90 9.1 and 67.6 µm and 9.8 and 75.3 µm, 

respectively. PSD measurements were carried out in a laser diffraction analyzer (MastersizerS, 

Malvern) provided with a dry sample cell at Financiera y Minera cement factory (Heidelberg 

group, Malaga, Spain).

Paste preparation.

Two different pastes preparations were carried out to perform the in-situ and ex-situ hydration 

studies with the selected water to cement (w/c) mass ratio of 0.5.

For the in-situ study, both anhydrous cements were mixed with 12 wt% of SiO2 (99.5%, 

AlfaAesar) as internal standard with a McCrone micronizing mill38 to indirectly determine the 

overall amount of amorphous and non-crystalline (ACn) component of the pastes38. Both pastes 

were prepared by mixing the sample (cement + internal standard) with the corresponding amount 

of water by hand in a small plastic beaker for 2 min using a spatula and then immediately loaded 

into glass capillaries of 0.7 mm of diameter with a syringe. The capillaries were sealed with grease 

to avoid any water loss. 

For the ex-situ study, cement pastes were prepared with deionized water following a modified 

UNE-EN 196-3 methodology, where a mechanical stirrer was used with fixed speed of 800 rpm37. 

The pastes were poured into hermetically closed polytetrafluoroethylene (PTFE) cylinders, and 

were rotated (16 rpm) during the first 24 h at 20±1ºC37. Afterward, hardened pastes were placed 
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6

into a bath of water at 20±1ºC to be used at the selected curing ages (4 and 15 hours, and 1, 7, 28, 

90 days). The hydration of the samples was stopped before their characterization: samples were 

manually grinded, and washed twice with isopropanol, once with diethyl ether and finally dried at 

40ºC for 24 hours in a stove.

Synchrotron X-ray powder diffraction (SXRPD). 

An in-situ hydration study for both ABY and dABY cements was carried out by SXRPD. 

Patterns were collected in the beamline MSPD-BL04 located at ALBA synchrotron (Barcelona, 

Spain). Patterns were recorded in Debye-Scherrer (transmission) mode39 with a wavelength of 

0.61931(3) Å (20 keV). The diffractometer is equipped with a MYTHEN detector system 

especially suited for time-resolved experiments and good signal-to noise ratio. The data acquisition 

time was 6 min per pattern. The glass capillaries were rotated at 20 rpm during data collection to 

improve diffracting particle statistics. Two patterns per hour (of 6 minutes each) were collected at 

different hydration times, during the first 14 hours, over the angular range from 2 to 40° B(]C- 

Normalized SXRPD patterns were analysed by using the Rietveld methodology in order to obtain 

Rietveld Quantitative Phase Analysis (RQPA). Figures S2.a and S3.a show the raw SXRPD 

patterns of ABY and dABY pastes. 

Laboratory X-ray Powder Diffraction (LXRPD)

The LXRPD measurements were carried out on both anhydrous cements and stopped hydration 

pastes. A X�Pert MPD PRO PANalytical diffractometer with Copper radiation with a Johansson 

Ge(111) primary monochromator that yields to monochromatic #�;I1 B` = 1.5406 Å) was used. 

The diffractometer was located at Servicios Centrales de Apoyo a la Investigación (SCAI) at 

University of Malaga (Spain). Data were collected from 5º to 70° B(]C with a measuring time of 
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7

2.5 hours. Samples were spun during data collection at 16 rpm. Figures S2.b and S3.b show the 

raw LXRPD patterns of ABY and dABY stopped pastes. 

Data analysis

Firstly, LXRPD or SXRPD patterns were qualitatively studied, identifying the cementitious 

crystalline phases with X�Pert High Score Plus program from PANalytical with reference patterns 

from PDF database. Subsequently, the patterns were analyzed by Rietveld method using GSAS 

software package40 by using a pseudo-Voigt peak shape function with the asymmetry correction 

included41,42, to obtain RQPA. The refined overall parameters were: background coefficients, zero-

shift error, phase scale factors, unit cell parameters, peak shape parameters and preferred 

orientation coefficient if needed. The structure descriptions of crystalline phases used are given 

elsewhere37. Figures S4 and S5 show Rietveld plots of ABY and dABY pastes after 1 and ~14 

hours of hydration (in-situ study), respectively, as representative examples.

The determination of ACn was performed by two methods: i) by the internal standard 

methodology38 in the in-situ study, and ii) the external standard method (G-factor approach)38,43 in 

the ex-situ study of the pastes at 1, 7, 28, 90 days of hydration. 

Rheological behavior of cement pastes.

A viscometer (Model VT550, Thermo Haake, Karlsruhe, Germany) with a serrated coaxial 

cylinder sensor, SV2P, provided with a lid to reduce evaporation, was used.

A rheological study was carried out to understand the behavior of these two cements pastes at 

very early hydration time, prepared at the w/c ratio of 0.5, without the addition of any 

superplasticizer. The study of the effect of superplasticizer on the hydration of these cements is 

published elsewere35. 
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8

Two measurements were performed with this device: i) flow curves (controlled rate 

measurements) where ramp times of 6 s were recorded in the shear rate range between 2 and 350 

s-1, for a total of 12 ramps (up-curve). A further decrease from 350 to 2 s-1 shear rate was performed 

by following the same ramp times (down-curve). Prior to any measurement, pastes were pre-

sheared at 350 s-1 for 30 s and held at 0 s-1 for 5 s. The data were acquired after ~5 min from adding 

water to the cement powder. ii) Viscosity vs. time measurements, at a fixed shear rate of 5 s-1.

Magic Angle Spinning Nuclear Magnetic Resonance (MAS-NMR) study

29Si MAS-NMR spectra for ABY and dABY samples were recorded at room temperature on a 

Bruker AVIII HD 600 NMR spectrometer (field strength of 14.1 T) at 119.8 MHz with a 2.5 mm 

triple-resonance DVT probe using zircona rotors at 15 kHz spinning rate. The experiments were 

performed with 1H decoupling by applying single-pulse excitation with a �/2 pulse of 5 us, 30 s 

relaxation delay and 10800 scans. The chemical shift was referenced to an external solution of 

tetramethylsilane (TMS).

27Al MAS-NMR spectra were recorded in the same spectrometer at 156.4 MHz and the rotors 

operated at 20 kHz. The experiments were performed with and without 1H decoupling (cw 

sequence) by applying a single pulse (�/12), an excitation pulse of 1 b� and 5.0 s relaxation delay 

and 200 scans. The chemical shift was referenced to an external solution of 1 M of Al(NO3)3.

The 29Si- MAS-NMR spectra were analysed using DMFIT software44 with a deconvolution 

scheme of Gaussian fitting into several peaks for the anhydrous and hydrated phases.

Isothermal calorimetry

This study was performed in an eight channels Thermal Activity Monitor (TAM) instrument 

using glass ampoules. In order to collect data from the very beginning of the hydration an 
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9

automatic admix device was used to mix the samples inside the calorimeter by shaking the sample 

during the first 2 minutes. The heat flow was collected up to 7 days at 20°C. 

Results and discussion.

Early hydration behaviour: first hour.

Figure 1 displays the flow curve of both pastes. At the first minutes of hydration, ABY paste 

shows higher viscosity and thixotropic cycle than the dABY one (viz. viscosity values were 1.92 

and 0.93 Pa·s at 100 s-1, taken from the up-curves, and thixotropic cycles of 5201 and 2202 Pa/s, 

for ABY and dABY, respectively). The higher viscosity of ABY paste at this very early hydration 

time may be attributed to i) the smaller primary particle size37, ii) the lower (agglomerate) size of 

this cement (Figure S1) and consequently slightly higher Blaine parameter, which is related with 

higher particle interactions, and iii) slightly higher initial amount of total ye�elimite, Figure 2 and 

Tables S1 and S2, deposited as supplementary information. 
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10

Figure 1. Flow curves for ABY and dABY pastes at w/c of 0.5. ABY in black; dABY in blue.

However, after 10 minutes of hydration, dABY paste suffers a harsh increase in viscosity, as can 

be observed in Figure 3 (left axis), even higher than that for ABY paste. That figure shows the 

evolution of viscosity with time (left axis), data from Zea et al.35, and the cumulative heat in the 

first 24 hours of hydration. This viscosity increase is in agreement with the higher cumulative heat 

released by dABY up to 3 hours of hydration. This behavior can be explained through the higher 

dissolution/reactivity degree of some phases, especially mayenite. Moreover, the presence of 

C12A7 accelerates the hydration of ye�elimite45. The SXRPD patterns, given in Figure S2 and S3 

as Supporting Information, were analyzed and Figure 2 shows the phase assembly of main phases 

of both pastes obtained from the in-situ synchrotron radiation data analyses (full RQPA results 

given in Tables S1 and S2 as Supporting Information). Figure 2 shows that C4A3  has almost �

totally dissolved after 1 day in both cements to form ettringite and amorphous aluminum hydroxide, 

which is included in the ACn content. In systems with silicates and calcium sulfoaluminate, the 

hydration of alite and belite may yield a silicate rich hydration environment where AFt 

decomposed21,46. This effect is observed after 24 hours of hydration and an increase in ACn is 

observed in both cements, Figure 2. 
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Figure 2. Phase assemblage as a function of time for ABY (up) and dABY (down), where only 

main phases are plotted. 

Figure 3 also shows the degree of reaction of C3S in the first 14 hours of hydration determined 

from the data given in Tables S1 and S2. On the one hand, the presence of a small amount of 
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13

Role of boron on early hydration.

Borax was added to the raw meal to stabilize IAH-form of C2S37,48. The presence of boron on a 

cement paste initially retards the hydration13 and this eventually causes an enhancement in 

mechanical properties when compared to those without the addition of boron10. Figure 4 shows 

the calorimetric curves of both cements hydrated at w/c of 0.5 for 7 days. On the one hand, the 

heat flow of ABY exhibits two broad signals centered at ~4.5 and ~10 hours of hydration mainly 

due to the dissolution of ye�elimite and hydration of alite, respectively. The total heat flow 

increases smoothly from the beginning due to the continuous ongoing hydration and precipitation 

reactions. On the other hand, dABY hydration is similar to that of ABY and at ~4 hours the heat 

evolved for both cements are coincident ~110 J/g, Figure 4. However, from 4 hours up to ~10 

hours of hydration the heat released by dABY has increased up to ~125 J/g, which means 30% less 

than the increase of ABY (~175 J/g), Figure 4. This means that the addition of boron (modifying 

the dissolution rates and consequently the phase assemblage) has enlarged the open time of this 

cement, delaying the acceleration period up to ~15 hours. The signal centered at 24 hours is mainly 

due to the precipitation of amorphous aluminum hydroxide that has been delayed in this paste, 

Figure 5. At seven days of hydration the heat released of both cements are very similar.
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Figure 4. Calorimetric curves of ABY (black data) and dABY (blue data) hydrated at w/c of 0.5 

up to 7 days.

3.3 Reactivity of aluminate and silicate phases.

Silicates (alite and different forms of belite) hydrate to give calcium silicate hydrates, mainly C-

S-H gel49 or stratlingite.50 The latter is formed in systems with sources of aluminium and silicon 

like BYF cements.10 However, in these ABY and dABY cements stratlingite was not formed at 

any hydration time, in agreement with other related systems51 in which this phase is only formed 

in mixtures of PC with more than 50 wt% of calcium sulfoaluminate. Figure 5 gives normalized 

27Al MAS-NMR spectra for both anhydrous cements and hydrated pastes at 4, 15 and 24 hours 

jointly with 28 and 90 days. Aluminium in ye�elimite is evidenced as a broad peak in the anhydrous 

spectra with its maximum at 70 ppm in the anhydrous spectra. The absence of the Al(IV) peaks at 

~61.9 and 68.5 ppm52 in all the spectra confirms that stratlingite was not formed in these 
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ABY cement contains monoclinic M3 C3S and G�#2S, while dABY also contains IAH-C2S. The 

hydration of C3S gives C-S-H gel with Ca/Si~1.8.54 However, the local structure and 

stoichiometric of C-S-H gel formed from belite is still under investigation. Table 2 gives the degree 

of hydration of silicate phases in both cements at later ages of hydration, derived from data given 

in Figure 2 and Tables S1 and S2. These results are in agreement with those obtained in the same 

systems but with the addition of superplasticizers35 and indicate that alite in ABY cement reacted 

at all hydrated ages at a slightly higher pace than in dABY. Conversely and chiefly belite (both 

polymorphs) are more reactive in the boron-activated cement than in the neat one. This activation 

of the belite forms in dABY may be due the incorporation of boron in their frameworks that causes 

structural distortions, as observed previously with other dopants17. This observation is in 

disagreement with our previous results observed in a related system, BYF cements, in which G�

belite degree of reaction was ~50% after 28 days meanwhile that of IAH-form in boron-doped BYF 

was smaller, �25%.10 However, in spite of the lower reported reactivity of IAH-form in doped BYF, 

the mechanical strengths were always higher10 than those of non-doped BYF, mainly due to the 

formation of less stratlingite and consequently more C-S-H gel. In ABY and dABY cements, the 

hydration of alite and the different polymorphs of belite have yielded the formation of C-S-H gel, 

since stratlingite was not formed.

Table 2. Degree of hydration of silicate phases for the studied cements at 28 and 90 days derived 

from the RQPA results given in Figure 2 and Tables S1 and S2. 

ABY dABY

M3 C3S G�#2S M3 C3S G�#2S IAH-C2S

7 d 85 15 83 19 49
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28 d 95 42 83 80 88

90 d 94 59 81 85 86

*The estimated errors in the degree of reactions, based on the Rietveld 
quantitative analyses, are close to 4%.

Figure 6 displays 29Si MAS-NMR spectra for ABY and dABY pastes with the corresponding 

deconvolutions. It has to be remarked that these spectra have been normalized for the sake of better 

visualisation. Figure S6 shows the raw spectra without any normalization for completeness. The 

first significant result is that the 29Si MAS-NMR signal for anhydrous dABY is much broader than 

that for ABY indicating much large local disorder, which is due to the doping with boron and 

justifies the higher degree of hydration of belite forms. The second relevant result obtained from 

29Si MAS-NMR data is that amount of silicon-bearing hydrated phases after 28 days is much lower 

in ABY than in dABY pastes. From these data, mean chain lengths55 (MCL) were calculated, being 

6.1 and 6.0 at 28 days for ABY and dABY pastes, respectively. While, 5.0 and 3.9 were obtained 

at 90 days for ABY and dABY, respectively. These values are in agreement with previous 

publications for similar systems.56,57 Moreover, these MCL values and the slight decrease of them 

with hydration time suggest that the C-S-H formed is calcium rich and should contain a Ca/Si ratio 

over 1.5,58 but no significant differences are observed between both systems. The most 

conspicuous result obtained by 29Si MAS-NMR is that dABY pastes have developed higher 

amount of C-S-H gel which implies a higher hydration degree of G� and IAH belite, Table 2 and 

Figure 6. Moreover, a quantitative study has been performed by comparing the silicate rich phases 

obtained from RQPA and those ones obtained from 29Si MAS-NMR data, Table 3. Table S3, given 

as Supporting Information, contains the quantitative analysis of the silicon rich phases of the 
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Table 3. Quantitative phase analysis of the silicon rich fraction of ABY and dABY pastes at 28 

and 90 days of hydration determined by XRPD and 29Si MAS-NMR.

28 d 
ABY

28 d 
dABY

90 d 
ABY

90 d 
dABY

XRD
wt%

NMR 
wt% 

XRD 
wt%

NMR 
wt%

XRD
wt%

NMR 
wt% 

XRD 
wt%

NMR 
wt%

C3S 2 9 3 7 3 5 4 9

G�#2S 24 24 9 15 16 15 7 10

IAH-C2S - - 2 - - - 2 -

F-elles 4 4 2 2 5 2 2 1

katoite 2 - 2 - 3 - 3 -

C-S-HC3S 44* 16* 42* 16*
C-S-HG#(, 23* 48* 31* 51*

C-S-HIA�#(, -
63

17*
76

-
80

17*
81

*(CaO)1.8SiO2(H2O)4 stoichiometry has been used to derive the amount of gel formed from the 
hydration of alite, G�#2S and IAH-C2S in each case. 

The ACn value obtained from RQPA jointly with the internal standard method, Figure 2, is the 

total amount of amorphous, disordered or nanocrystalline fraction of the pastes. Consequently, in 

order to estimate the amount of isolated amorphous C-S-H gel, the stoichiometry 

(CaO)1.8SiO2(H2O)4 was assumed54 for alite, G�#2S and IAH-C2S hydration products, consequently 

the amount of amorphous C-S-H gel arising from each individual silicate phase is given in Table 

3. The derived values under these assumptions are quite satisfactory, Table 3, when compared with 

those obtained from 29Si MAS-NMR, in which no approximations are needed, as the total area of 

the signals in Figure 6 are measured. 

Finally, it is informative to compare these results with the mechanical strengths developed by these 

cements. The degree of reaction of these pastes without any superplasticizer is similar to that 

Page 19 of 36

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



20

determined for the same cements with the addition of superplasticizers35, confirming that the 

addition of superplasticizers affects the early kinetic of hydration but not the long term phase 

assemblage. The compressive mechanical strengths developed by ABY mortars (w/c of 0.5 and 

0.4 wt% of superplasticizer35) were 29.9(5), 43(2), 45(1) and 57(3) MPa at 1, 7, 28 and 56 days 

respectively; while those for dABY (w/c of 0.5 and 0.4 wt% of superplasticizer35) were 17(2), 

40.7(2), 75(2) and 82(2) MPa for the same ages. After one day of hydration, ABY paste developed 

higher mechanical strengths than dABY. This is related to the larger degree of reaction of ABY 

pastes up to 24 hours, as shown in the higher heat of hydration (234 and 174 J/g, for ABY and 

dABY, respectively) Figure 4. Moreover, the precipitation of AH3-gel at early hours of hydration, 

Figure 5, also supports the higher mechanical strengths. . However, at later ages, dABY mortars 

show a greater increase in the development of compressive mechanical strengths, mainly due to 

the higher hydration degree of G�#2S and IAH-C2S which yielded larger amounts of C-S-H gel. It 

must be highlighted that the jump in mechanical strength of dABY clearly correlated with the leap 

in reaction degree of belites.

Conclusions

The production of alite-belite-ye�elimite (ABY) cements released up to 17% less carbon dioxide 

into atmosphere than PC production. The early hydration of these two containing cements is 

dependent on the fineness of the materials and on the amount of calcium (sulfo)aluminates. 

Specifically, ABY paste presented higher viscosity during the first 10 minutes of hydration likely 

due to slightly smaller particle sizes (higher Blaine parameter) and slightly higher amount of total 

ye�elimite. After that time, the higher amount of mayenite in dABY paste provokes the increase in 

reactivity and consequently in viscosity and heat released up to 3 hours. Moreover, alite hydration 
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is strongly affected by the amount of ye�elimite, i.e. the higher amount of ye�elimite in ABY paste 

is the responsible of the slower reactivity of alite in this paste. 

This study shows that the addition of borax in the dABY has played two roles; i) delaying the 

precipitation of aluminium hydroxide gel up to more than 24 hours and ii) accelerating the 

reactivity of G�#2S and IAH-C2S in dABY at later ages (activation effect). The delayed precipitation 

of AH3-gel, due to the presence of boron in dABY, justifies the lower mechanical strengths of this 

cement after 1 day of hydration. Belite reaction degrees for dABY are higher than that of G�#2S in 

ABY and consequently, the mechanical properties have been enhanced from 28 to 56 days of 

hydration for dABY. 

In both systems, the hydration product of alite and all polymorphs of belite is C-S-H gel as no 

stratlingite was found at any hydration time (confirmed by XRD and 27Al MAS-NMR). The nature 

of this C-S-H gel seems to be similar in both systems, although dABY paste has shown higher 

degree of reaction of both belite polymorphs BG and IAH) and consequently higher amount of C-

S-H gel has been formed.
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Supporting information

Supplementary Information includes tables with full phase assemblage (obtained from Rietveld 

Refinement with internal standard method and DTA-TG) of ABY and dABY (Tables S1 and S2), 

the quantitative phase analysis of silicon bearing phases of anhydrous ABY and dABY cements 

obtained by XRD & Rietveld method and 29Si MAS-NMR (Table S3). Six figures are also 

included: PSD of ABY and dABY (Figure S1), SXRPD and LXRPD raw patterns of hydrated 

pastes (Figures S2 and S3), Rietveld plots of pastes hydrated at 1 and 14 hours (Figures S4 and 

S5) and 29Si MAS-NMR and 27Al MAS-NMR raw spectra (Figure S6).

All the raw patterns and spectra analysed in this article are openly deposited in Zenodo at 

https://doi.org/10.5281/zenodo.3367442.
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The main phases of cements emitting ~17% less CO2 (dABY) in their clinkering process, present 
higher degree of reaction at all ages and developed higher amounts of C-S-H gel, contributing to 
higher mechanical strengths. 
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Figure 1. Flow curves for ABY and dABY pastes at w/c of 0.5. ABY in black; dABY in blue. 

460x396mm (150 x 150 DPI) 

Page 31 of 36

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure 2. Phase assemblage as a function of time for ABY (up) and dABY (down), where only main phases 
are plotted. 
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Figure 3. Viscosity as a function of time at the shear rate of 5 s-1 (left axis, crosses) reprinted in part) with 
permission from cement and concrete research 127 (2020) 105911. Copyright 2019 Elsevier Ltd., 

cumulative heat (right axis, dashed lines) and alite degree of reaction (right axis, circles) of ABY (black 
data) and dABY (blue data) pastes hydrated at w/c 0.5. 
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Figure 4. Calorimetric curves of ABY (black data) and dABY (blue data) hydrated at w/c of 0.5 up to 7 days. 
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Figure 5. Normalized 27Al MAS-NMR spectra for  ABY (left) and  dABY (right), anhydrous and after 4, 15 and 
24 hours and 28 and 90 days of hydration. 
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Figure 6. 29Si MAS-NMR spectra of ABY (left panels) and dABY (right panels) with the deconvoluted signals 
included. Blue Q0 for β-C2S, orange Q0 for α’H-C2S, green Q0 for C3S, purple Q0 for F-ellestadite and pink 

Qn for hydrated C-S-H. 

796x1065mm (150 x 150 DPI) 

Page 36 of 36

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


