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Calcium aluminate cements are niche cements used in the refractory industry and in non-structural applications for building chemistry with short return-to-service delay. The later applications use theses cements in combination with calcium sulfates for long-term stability. By being niche cements, the knowledge of calcium aluminate cements hydration is not as extensive as that of Portland cement. In the present paper, the calcium aluminate cements are studied in diluted suspensions as a function of different parameters such as the suspension concentration or the quantity of added calcium sulfates. The objective is to identify their baseline chemical mechanisms. This work demonstrates the essential role of hydroxide ions fluxes, i.e. quantity going in and out of the liquid phase per unit of time. The main quantitative flux is the formation of aluminium hydroxide but the activation of this reaction is difficult. This difficulty allows calcium aluminate to be used as cement by creating a dormant period (workability) for the overall reactivity. The identification of the key role of aluminum hydroxide formation explains the influence of the temperature, some mechanisms of setting admixtures and the early age of calcium aluminate cements.

Introduction

The early age of cement hydration is responsible for the main properties of concrete during its operating conditions. So, the knowledge and the control of this hydration step can open opportunities for the improvement of formulations in terms of performances or greenhouse gases efficiency. This step is even more important for fast hardening cements like Calcium Aluminate Cements (CACs) and their mixes with calcium 5 sulfates.

Unfortunately, CACs suffer from being niche cements compared to Ordinary Portland Cements (OPCs) (< 0.1 % of OPC annual tonnage [START_REF] Pommay | Eco-efficient construction and building materials : life cycle assessment (LCA), eco-labelling and case studies[END_REF][START_REF]Global calcium aluminate cement market report and forecast[END_REF] ) because its hydration processes are not as well documented. For example, the origin of the dormant period of monocalcium aluminate is still debated [START_REF] Barret | Contribution to the study of the kinetic mechanism of aluminous cement setting i -latent periods in heterogeneous and homogeneous milieus and the absence of heterogeneous nucleation[END_REF][START_REF] Bertrandie | Contribution à l'étude cinétique de la formation des hydrates dans les solutions aqueuses obtenues à partir du ciment alumineux[END_REF][START_REF] Götz-Neunhoeffer | Kinetics of the hydration of calcium aluminate cement with additives[END_REF][START_REF] Prasittisopin | Dissolution, nucleation, and crystal growth mechanism of calcium aluminate cement[END_REF] : nucleation time of calcium aluminate hydrates, of aluminium hydroxide or a barrier layer on anhydrous CAC particles. Furthermore, CACs hydration does not benefit as much as OPCs from thermodynamic modeling because, as fast-setting cements, CACs hydration does not follow the hydration path of the most stable hydrates.

CACs hydration can go through transient states and can be employed in the field during these metastable states. Such use lead to the problem known as CAC conversion [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF] where denser hydrates are formed over years creating porosity and thus decreasing mechanical performances. Hence, a proper investigation of CACs early age would require investigations on the mechanisms related to the kinetic of CACs.

The presented paper is dedicated to the hydration monitoring of different diluted suspensions of pure CAC mineralogical phases and few mixes with calcium sulfate. The purpose is to identify the baseline mechanisms of CAC hydration thanks to the simplification of the chemical system. The dilution slows the reactions thanks to the reduction of the water-solid exchange surface, helping to unveil fast paced events. To find such global baseline mechanisms, the experiments need to be diverse in terms of CAC nature, suspension concentrations or even temperatures.

Methods

This paper studies the hydration of several hydraulic binders: a pure synthetic monocalcium monoaluminate (CA) phase, a pure synthetic dodecacalcium heptaluminate C 12 A 7 phase, a CA-based commercial cement: the Ternal ® RG (TRG) from Imerys, a β-hemihydrate (HH): the Prestia Selecta ® from Siniat and a natural anhydrite II: the anhydrite microA ® from Casea. The particle size distributions are available in the Appendix A. The pure CA and C 12 A 7 phases are synthetized through the classical ceramic way: by mixing in the respective stoichiometric proportions pure grade calcium oxide and pure grade γ-alumina from Sigma Aldrich. These mixes are followed by a melting above 1450 • C for C 12 A 7 and 1650 • C for CA [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF] then the melt is cooled slowly to avoid quenching. The purity of the phases has been verified by Quantitative X-Ray Diffraction (QXRD)-Rietveld method with a Bruker ® D8 Advance and its DIFFRAC suite. It uses the Cu-Kα 1 wavelength and scans between 2θ = 5°and 2θ = 80°with a 0.0197°step. The scan duration is adapted to the resolution required and is always superior to 15 min. The synthetic phases purity is 100 % Wt.

(see Appendix B and Appendix C), the calcium sulfates purity is superior to 95 % Wt. (see Appendix D) and the TRG contains 56 % Wt. of CA (see Appendix E). The remaining solid fractions are either inert or have a negligible impact thanks to the dilution of the presented experiments.

The hydration of the suspensions is monitored at 20 • C (or mentioned otherwise) according to the following protocol, see figure 1. The experiment is realized in a thermoregulated beaker, first 1.000 L of deionized water is introduced then the solid is added (±1 mg) to reach the desired suspension concentration. This mix is homogenized by a mechanical stirrer from IKA ® at 800 rpm during 15 s and kept at 500 rpm for the rest of the experiment. The beaker is covered with a plastic film to limit the carbonation.

The ionic conductivity of the solution is monitored in-situ with a 5 s time-step using a pHmeter-Conductimeter Mettler-Toledo ® SevenMulti. The pH is simultaneously monitored at the same step if the suspension concentration exceeds 0.5 g.L =1 ; it is measured ex-situ otherwise. The potassium chloride from the pH probe would affect the conductivity measurement below this threshold.

The ex-situ pH is monitored simultaneously to the elemental concentrations quantified by Inductively Coupled Plasma -Atomic Emission Spectroscopy (ICP-AES). The sampling method uses a circulation-loop with a T-junction to collect the solution at the desired time. The circulation is enabled by a peristaltic pump Masterflex TM at a flow of 155 mL.min =1 . These samplings are immediately filtered at the output of the T-junction by a polyethersulfone syringe filter (cut-off radius: 0.2 µm) from VWR ® . These filtrates are acidified to 5 % Vol. with pure grade nitric acid (67 % Wt. ) to be analyzed by ICP-AES; the pH is measured in the remaining non-acidified filtrate. The ICP-AES apparatus is an Optima 8300DV from PerkinElmer ® with argon plasma. The ICP-AES method uses an external calibration and ytterbium as internal standard.

The method and sample preparation uncertainty is estimated to be 10 % especially for sulfur due to its low intensity on the UV-detector.

Once all samplings are done, the suspension is entirely centrifuged to collect the solid phase. The cen-trifuge is the 4K15 Sigma Laboratory Centrifuges TM from Fisher ® following the program: 2 min at 9000 rpm and 13131 RCF. The liquid phase is discarded and the remaining water is removed by solvent permutation with acetone. The washing-centrifugation cycle with acetone is done two times before letting the solid dry under laboratory atmosphere. The hydrated solid phase is analyzed by QXRD and by Thermogravimetric Analysis (TGA). The thermal analyses are performed by a STA449F3 Jupiter from Netzsch ® . The sam- ple is prepared in an opened alumina crucible and follow a 10 • C.min =1 slope from 28 to 1000 • C. These analyses are performed under recreated atmosphere (80 % N 2 , 20 % O 2 ) at a 100 mL.min =1 flow. The Ri- etveld method used in this paper does not account for potential amorphous hydrates and norms the results to 100 %. Discrepancies between bound water quantified by TGA and by Rietveld have been checked to verify if a critical amount of amorphous hydrates biases the QXRD. For example, only qualitative XRD is performed on the experiment presented on figure 6 for this reason.

The data from QRXD, the bound water weight fraction obtained by TGA and the elemental aqueous concentrations from ICP-AES allow to obtain the mineralogical phases weight thanks to a matter balance.

The method is further detailed in the Appendix F, it accounts for the weight loss of the physical solid phase into the liquid phase through the dissolution (ICP-AES measurement) and its weight gain from hydrates precipitation (addition of bound water, quantified by TGA). The mineralogical phases weights are obtained as follows:

m φ = w Rietveld • m TGA 1 -w bw (1) 
With m φ the mineralogical phase weight, w Rietveld the experimental weight fraction of the mineralogical phase from the XRD quantification of the hydrated solid, m TGA the calculated weight of the whole hydrated solid after removing the bound water and w bw the experimental weight fraction of bound water of the hydrated solid measured by TGA. m TGA is obtained by mass balance as follows:

m TGA (t) = m drymix (t = 0) -m bw (t = 0) -m diss (t) (2) 
With m drymix (t = 0) the initial weight of solid, m bw (t = 0) the bound water weight of the initial solid (not negligible for the hemihydrate) and m diss (t) the weight of the initial solid dissolved at the time of the acetone washing. This last value can be easily backtracked from an ICP-AES analysis realized at the beginning of the centrifugation protocol since all aqueous elements comes from oxides.

Finally, the pH values are processed to obtain the hydroxide concentrations that can be directly compared to other ionic concentrations. The pH measurement gives the value pH = -log H 3 O + • γ H3O + with H 3 O + the concentration of oxonium ions and γ H3O + its activity coefficient. The concentration and the coefficient for HO -ions are directly tied to these values through the equilibrium of water self-ionization.

The issue lies in the fact the concentrations are needed to estimate the activity coefficients (ionic strength)

and that the activity coefficient of H 3 O + and HO -are needed to obtain the concentrations from the pH measurement. This problem can be solved at the sampling points of ICP-AES measurement. First, the activity coefficients γ i are expressed with the Truesdell-Jones formula assuming that the main speciation of calcium is Ca 2+ [START_REF] Kutus | A comprehensive study on the dominant formation of the dissolved Ca(OH)2(aq) in strongly alkaline solutions saturated by Ca(II)[END_REF] , SO 4 2for sulfate in alkaline water and Al(OH) 4 -for aluminium [START_REF] Antonangelo | Lime and calcium-magnesium silicate in the ionic speciation of an oxisol[END_REF] in the ionic strength I aq calculation. The used Truesdell-Jones [START_REF] Truesdell | WATEQ, a computer program for calculating chemical equilibria of natural waters[END_REF] formula is a simplified version using the default parameters of the PhreeqC software [START_REF] Parkhurst | Description of input and examples for PHREEQC version 3-A computer program for speciation, batch-reaction, one-dimensional transport, and inverse geochemical calculations[END_REF] . It leads to the formula:

log 10 γ i = -Az 2 aq,i I aq 1 + Bα 0 i I aq + ψ i I aq (3) 
With, α 0 i = 4.562, ψ i = 0.1, A = 0.507, B = 0.328 and z aq,i the charge of the ion i. Then the following assumption is applied: γ H3O + ≈ γ HO -considering both ions are monovalent. Now, the problem can be solved since the three unknowns: γ H3O + , H 3 O + and HO -meet three equations: the pH definition, the self-ionization equilibrium and the Truesdell-Jones equation. The system is solved numerically by a Nelder-Mead solver [START_REF] Nelder | A simplex method for function minimization[END_REF] . Now that the problem is solved at the ICP-AES sampling points, a linear interpolation of the activity coefficients is realized to match the pH measurement points. Finally, a good estimation of HO - concentrations is obtained.

Results

Investigations on CA suspensions

In order to investigate the early age of the CA phase, several experiments are realized on pure CA at different concentrations of suspension. The studied concentrations are listed on the figures 2a and 2b which represent the measured conductivity and pH.

These experiments can be divided into four types:

The suspension from 0.1 g.L =1 to 1 g.L =1 are similar. The conductivity and pH curves are smooth which is consistent with the fact that all hydrates except aluminium hydroxide are undersaturated (or barely supersaturated at 1 g.L =1 ) at total dissolution of these amounts of CA according to the GEM-Selektor [START_REF] Wagner | GEM-Selektor geochemical modeling package: TSolMod library and data interface for multicomponent phase models[END_REF]17] and CEMDATA18 [START_REF] Lothenbach | Cemdata18: A chemical thermodynamic database for hydrated portland cements and alkali-activated materials[END_REF] databases.

The suspensions from 10 g.L =1 to 25 g.L =1 are similar. Their conductivity curves present a slope break between 5 min and 15 min of hydration and hit a ceiling at the end of the observation window. Their pH curves indicate that the conductivity break is caused by a surge of hydroxide ions of high ionic molar conductivity. These pH curves hit a ceiling value of 11.4 ± 0.1.

The conductivity curves of the suspension at 6 g.L =1 and 8 g.L =1 are slower but similar to the previous group. They differ on their pH curves, the pH jump splits in two. The 3 g.L =1 and 4.5 g.L =1 suspensions present a more "exotic" behavior than the others. They possess a double conductivity slope rupture before displaying peaks. These peaks are characteristic of hydrates precipitation because of the ions consumption. The ruptures are caused by a drastic splitting of the pH jump into two others. The pH manages to break through the 11.4 ceiling value. The 3 g.L =1

suspension reaches a higher pH -and faster -than the 4.5 g.L =1 suspension which coincides with the fact the 3 g.L =1 precipitates hydrates before the 4.5 g.L =1 . The 10 g.L =1 suspension have been hydrated for 20.5 h as attested by the figure G.13 in the Appendix G.

The XRD analysis does not show any crystalline hydrate but a broad mass loss peaking at 100 • C is observed in TGA (see Appendix H) indicating the formation of a poorly crystalline/amorphous hydrate.

The link between hydroxides, AH 3 and hydrates

To expand the experimental panel for the investigation of the kinetic differences between CACs phases, two ettringitic mixtures have been studied. The mixture of 75% wt. pure CA with 25% wt. of hemihydrate and the same mixture with pure C 12 A 7 instead of CA. Both mixtures have been studied at 10 g.L =1 to observe ettringite precipitation. Rietveld quantifications and TGA are available in the Appendix I and Appendix J.

Three observations can be made about the hydration of the CA-Hemihydrate suspension according to the figure 3a. The first one is the total dissolution of the hemihydrate during the first minutes according the sulfate concentration and the amount of hemihydrate in the anhydrous mix (16.4 mmol in one liter, table 1).

The second one is the very low amount of hydroxide ions: < 5.7 × 10 -4 mol.L -1 (or pH < 10.9). The last one is the precipitation of ettringite at 30 min of hydration at an average precipitation rate of 0.26 g.h =1 according to the table 1: 0.824 • (220 -30)

-1 • 60 ≈ 0.26 g.h -1 . This precipitation rate is quite slow considering the very poorly soluble nature of ettringite and the decent concentrations of calcium, aluminate and sulfate ions in solution.

The hydration of the C 12 A 7 -Hemihydrate suspension is more complex. In chronological order, after the first minute of hydration, the hemihydrate is entirely dissolved as attested by the aqueous sulfate concentration. Then, at 2 min of hydration, the ettringite starts to precipitate at an average rate of 12.6 g.h =1

(see table 1 precipitation seem to lead to a pseudo-oscillatory evolution of aqueous concentrations.

The most interesting fact from the cross-interpretation of these two cases is the huge difference in ettringite precipitation rate considering that in the neighborhood of their respective precipitation peaks (30 min for the CA-based suspension, 2 min for the C 12 A 7 -based one) the aqueous concentrations are similar. This paper claims to solve this mystery by a difference of hydroxide fluxes (hydroxide concentration time derivative) towards the solution. Indeed, in these neighborhoods, hydroxide ions are the minor species and reactant for ettringite precipitation considering the following reaction expressed as a function of the main ionic speciations:

C 6 A$ 3 H 32 ----6 Ca 2+ + 2 Al(OH) 4 -+ 3 SO 4 2-+ 4 HO -+ 26 H 2 O (4) 
To reinforce this claim, additional experiments focused on this conjecture have been carried out. The first involves the CA-based cement, Ternal ® RG (TRG), in order to save the synthesized CA for modeling purpose. This first additional experiment is the hydration monitoring of TRG at 20 • C and 10 g.L =1 , cf. figure 4. When the dissolution closes to the saturation of CA, molar sodium hydroxide is added. A first addition of 6.26 mL is done to reach a pH value close to the threshold value for the hydrate precipitation observed on the CA suspension at 3 g.L =1 . A decreasing of conductivity and pH is observed immediately after which is symptomatic of a precipitation. A more consequent addition of sodium hydroxide is done few minutes after to precipitate more of this hydrate in order to obtain a quantifiable amount in XRD.

The XRD analysis attest of the precipitation of C 2 AH 8 and traces of monocarboaluminate which is the consequence of a slight air carbonation. Therefore, a small addition of hydroxide ions in a CA saturated solution is enough to immediately trigger hydrates precipitation. This is consistent with the previous claim with C 2 AH 8 instead of ettringite but lies on the same principle considering its reaction of precipitation:

C 2 AH 8 ----2 Ca 2+ + 2 Al(OH) 4 -+ 2 HO -+ 3 H 2 O (5)
The Lime-Alumina ratio (C/A) [START_REF] Barret | Contribution to the study of the kinetic mechanism of aluminous cement setting i -latent periods in heterogeneous and homogeneous milieus and the absence of heterogeneous nucleation[END_REF] can be compared between the hydrates and the main anhydrous phase, its value equals 2 and 4 for hydrates while the ratio for the CA phase is 1. First the hydration starts with both binder dissolution until 40 min of hydration (figure 5a). It should be noted that the anhydrite II does not dissolve entirely in less than one minute contrarily to the hemihydrate.

As demonstrated by the table 5b, there is remaining anhydrite II at the end of the experiment. It implies that there is always a source of sulfate available. At 40 min of hydration, ettringite starts to precipitate as attested by the ion consumption (chemical reaction eq.4) and the QXRD analysis at 160 min of hydration (table 5b). The ettringite average precipitation rate is 0.41 g.h =1 which is relatively slow and similar to the CA-Hemihydrate case. Starting from 140 min to 260 min, hydroxide concentrations starts to rise, first slowly then exponentially after 250 min. This rise in hydroxide is caused by aluminium hydroxide formation (AH 3 )

attested by the presence of the Gibbsite allotropic form of AH 3 in the last XRD analysis and by observing the aqueous aluminium drop between 235 min and 270 min. This is consistent with its reaction of formation:

AH 3 Gib. + 2 HO -----2 Al(OH) 4 - (6) 
When the hydroxide concentration rises exponentially thanks to AH 3 formation, a massive precipitation of ettringite immediately follows at 270 min. It can be observed on the massive decreasing in aqueous aluminium, calcium and hydroxide and on the XRD quantifications. Indeed, the average ettringite precipitation rate over the large interval 160 min -400 min is 1.52 g.h =1 which is 3.7 times higher than the one during the early age. Aqueous sulfate is not drastically modified despite ettringite precipitation because of the remaining anhydrite II to be dissolved. Indeed, ettringite precipitation consumes sulfate and calcium which increases the undersaturation of the anhydrite II and thus its dissolution rate. What is observed on sulfate concentrations is the sum of these increasing inward and outward fluxes of sulfate. The hydration can be summarized as followed: ettringite precipitates slowly with a low hydroxide concentration, AH 3 bring a new hydroxide flux to the solution, ettringite precipitation accelerates massively as more hydroxide ions are brought to the solution.

The last case is the hydration of pure CA at 10 g.L =1 but this time at 35 • C, cf. figure 6. The calcium evolution shows that CA dissolves until its saturation is reached at 25 min and remains idle until 207 min of hydration. However, the hydroxide concentration increases at a constant rate on this interval. This increase is caused by aluminium hydroxide formation, the only reaction in this simple system to be able to increase the pH. However, the aluminate concentration does not seem impacted. This is due to an intrinsic bias of the measurement, the ICP-AES sample preparation filters the suspension at 200 nm everything below or gels that can be squeezed or destabilized by the filtering pressure is wrongly counted as part of the liquid.

Indeed, aluminium hydroxide is known for existing in gelous and/or nanocrystalline form [START_REF] Van Straten | Precipitation from supersaturated aluminate solutions[END_REF][START_REF] Karamalidis | Surface Complexation Modeling[END_REF] . On the other hand, the hydroxide concentrations are measured by pHmetry and its specific electrode which is unbiased towards such cases. So, the CA reaches its saturation quickly and at the same time hydroxide concentration increases linearly. At 207 min of hydration, a hydrate precipitates as attested by the calcium, aluminium and hydroxide concentrations drop. This ionic consumption seems to reach a concentration zone that stimulate AH 3 formation since the hydroxide concentrations skyrockets between 226 min and 240 min before following a quasi-stagnation. The hydrate precipitated is supposed to be C 4 AH 19 according to qualitative XRD but its proximity with a slightly modified C 2 AH 8 does not allow to draw definitive conclusions. Unfortunately, the amount of poorly crystalline AH 3 deteriorates the diffractogramme quality, preventing a better/quantitative investigation. Finally, this third additional experiment shows a similar pattern to the second: first the CAC dissolves without precipitating at low hydroxide content, AH 3 starts to form in a quantitative way bringing hydroxide ions to the solution, finally hydrates precipitate massively with a higher concentration of hydroxide.

Interpretations

Equilibrium state: C/A ratio vs. Saturation Index

Before discussing the role of hydroxide ions in the hydration, it is necessary to define a tool to characterize how far a reaction is from its equilibrium state. Indeed, an elementary reaction will always tend towards its equilibrium with a monotonous (but sometimes non-linear [START_REF] Lasaga | A model for crystal dissolution[END_REF] ) kinetic as a function of its distance to its equilibrium. Two main tools are used for CACs, the first is the very classic Law of Mass Action 

With G the Gibbs energy of the system, ξ the extent of the considered reaction, R the gas constant, T the temperature, P the pressure, IAP the ion activity product of the reaction. The saturation index is this quantity normalized by RT :

SI = ln IAP K • (8) 
The liquid-solid reactions in cementitious are usually written in the direction of the dissolution so if SI > 0 the solid is said being supersaturated and want to precipitate, if SI < 0 the solid is said being undersaturated and want to dissolve and the equilibrium state is defined by SI = 0.

The second tool, the C/A ratio and the "Lime-Alumina" graph for CACs, were introduced by Bertrandie [START_REF] Bertrandie | Contribution à l'étude cinétique de la formation des hydrates dans les solutions aqueuses obtenues à partir du ciment alumineux[END_REF] . This tool is in fact derived from the Law of Mass Action. Indeed, this PhD was realized on pure CaO-Al 2 O 3 -H 2 O systems so all the involved liquid-solid reactions have an IAP dependent on only three parameters (in isothermal, isobaric conditions, water activity assimilated to 1): a(Al(OH) 4 -), a(Ca 2+ ) and a(HO -). The trick used to create this new tool was to reduce the variance of these systems with the charge conservation equation:

Al(OH) 4 -+ HO -= 2 Ca 2+ (9) 
By reducing the variance, only two parameters are mathematically necessary to describe the thermodynamic state. Therefore by making a(HO -) implicit, one can describe the thermodynamic state with the C/A ratio and one of the two remaining concentrations or project the thermodynamic state on the 0,

----→ Ca 2+ , --------→ Al(OH) 4 -
plan. This very graphical and practical method became really popular but has two strong drawbacks. The first drawback is that it makes the thermodynamic state indicator dependent on the form of the charge conservation equation. Therefore this tool is restricted to the pure CaO-

Al 2 O 3 -H 2 O
systems and any addition of other elements completely break the reasoning. This is attested by the figure 4 where the addition of few mmol.L =1 of sodium hydroxide is enough to make hydrates precipitate despite having the same C/A at the addition time. Moreover, there is no correlation between the C/A ratio in the liquid phase and the precipitated hydrates (≈ 1 in the liquid vs. 2 and 4 for the hydrates). Finally, including other elements into this kind of reasoning is a tedious task. For example, if the charge conservation involves five ions, it will make the calculation complex and more additional considerations would be necessary to be able to draw a representation. On the other hand, the Law of Mass Action remains generalizable and the hydrates thermodynamic state will always depend on the same three parameters: a(Al(OH) 4 -), a(Ca 2+ ) and a(HO -). The second drawback lies in making HO -implicit and even in the principle of using variance reduction. The variance reduction allows to reduce the mathematical dependence of the thermodynamic state calculation towards one of the state variables. But the reaction still depends chemically on hydroxide concentration, especially its kinetic. The thermodynamic tools only describe the energetic driving force.

This force is important but not the sole major factor in kinetic considerations (e.g. ionic diffusion, surface mechanism. . . ).

This subsection ends with the example of the CA-HH mixture at 10 g.L =1 (figure 3a) at 25 min of hydration where ettringite starts to precipitate slowly. The C/A value at this point is 4.5. This is much higher than the threshold for the instantaneous precipitation of C 2 AH 8 of 1.2 [START_REF] Bertrandie | Contribution à l'étude cinétique de la formation des hydrates dans les solutions aqueuses obtenues à partir du ciment alumineux[END_REF] established in a non-sulfated system. Though, as there is sulfate in this chemical system, this threshold and the associated reasoning are invalid since the charge conservation equation is modified. However, everything is consistent with the saturation index. The activity coefficients used in the calculations of the table 2 are obtained with the Truesdell-Jones [START_REF] Truesdell | WATEQ, a computer program for calculating chemical equilibria of natural waters[END_REF] equation aforementioned (eq. 3). At 25 min of hydration, the saturation index of C 2 AH 8 is =1.3 (solubility product K • from CEMDATA18 [START_REF] Lothenbach | Cemdata18: A chemical thermodynamic database for hydrated portland cements and alkali-activated materials[END_REF] ). Therefore, C 2 AH 8 is undersaturated and has no chance of precipitating at this moment of the hydration despite the C/A value. With a similar calculation, it is possible to investigate the saturation level of ettringite and its partial derivative to determine which reactant is the most impacting. The values are given by the table 2a. This table demonstrates that modifying the hydroxide concentration is between 25 times and 50 times more impacting on the saturation index than modifying the others. Hence, to stimulate the precipitation of ettringite, one should look for a way to increase the hydroxide flux to the solution. This originally motivated the additional experiment with the sodium hydroxide of the figure 4 where the same reasoning is encountered with C Table 2: Saturation indexes of hydrates and their partial derivatives with respect to their respective reactants concentrations.

Cases of the figure 3a and figure 4.

Relationship between hydrates, HO -and AH 3

The presented experiments attest of a common trend in CAC and CAC-Sulfates hydration. During the slow precipitation period and while there are remaining anhydrous binders, HO -is the reactant -for hydrates precipitation -at the lowest concentration. It also includes the C 12 A 7 -HH mixture (fig. 3b) before 25 min of hydration (sulfate shortage afterwards) with respect to ettringite. The only hydrate that makes an exception is CAH 10 because HO -does not take part in the global reaction:

CAH 10 ----Ca 2+ + 2 Al(OH) 4 -+ 6 H 2 O ( 10 
)
CAH 10 is not observed experimentally since it is known to be long to nucleate [START_REF] Capmas | Effect of temperature on setting time of calcium aluminate cements[END_REF][START_REF] Parr | The impact of calcium aluminate cement hydration upon the properties of refractory castables[END_REF] . Also, this hydrate is fairly soluble at 20 • C but it should be noted it is less soluble at 5 • C [START_REF] Lothenbach | Stability in the system CaO-Al2O3-H2O[END_REF] , facilitating its precipitation. For all the other hydrates, HO -is the most potent reactant to trigger their precipitation, see the example of C 2 AH 8 at different time in the table 3. The fact that HO -is the minor reactant during the slow precipitation period roots from the reactions stoichiometry. All dissolution reactions of CAC anhydrous phases have an inferior stoichiometry for HO -than for aluminate ions (and calcium ions). All except the dissolution of C 3 A which is never used in CAC applications since C 3 A is considered too reactive [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF] . On the other hand, it is the opposite for the hydrates, all the main hydrates (except CAH 10 ) require more hydroxides than aluminates. The reactions are listed in the tables 4 et 5.

Two main points arise from those tables. The first concerns the difference of ettringite precipitation rate between the CA-HH and the C 12 A 7 -HH suspensions. C 12 A 7 dissolution is a direct flux of hydroxide towards 

CA 2 CA 2 + 2 HO -+ 7 H 2 O ----Ca 2+ + 4 Al(OH) 4 - -2 4 CA CA + 4 H 2 O ----Ca 2+ + 2 Al(OH) 4 - 0 2 C 12 A 7 C 12 A 7 + 33 H 2 O ----12 Ca 2+ + 14 Al(OH) 4 -+ 10 HO - 10 14 
C 3 A C 3 A + 6 H 2 O ----3 Ca 2+ + 2 Al(OH) 4 -+ 4 HO - 4 2
C 2 AH 8 2 Ca 2+ + 2 Al(OH) 4 -+ 2 HO -+ 3 H 2 O ----C 2 AH 8 -2 -2 C 3 AH 6 3 Ca 2+ + 2 Al(OH) 4 -+ 4 HO -----C 3 AH 6 -4 -2 C 4 AH 19 4 Ca 2+ + 2 Al(OH) 4 -+ 6 HO -+ 12 H 2 O ----C 4 AH 19 -6 -2 C 6 A$ 3 H 32 6 Ca 2+ + 2 Al(OH) 4 -+ 3 SO 4 2 -+ 4 HO -+ 26 H 2 O ----C 6 A$ 3 H 32 -4 -2 C 4 A$H 12 4 Ca 2+ + 2 Al(OH) 4 -+ SO 4 2 -+ 4 HO -+ 6 H 2 O ----C 4 A$H 12 -4 -2
the solution according to its reaction of dissolution while CA is not. To complete, both suspensions show almost the same concentrations at 25 min for the CA-HH mix (fig. 3a) and at 2 min for the C 12 A 7 -HH mix (fig. 3b). Therefore, they share the same saturation indexes and partial derivatives at these points which means they are equivalent from a thermodynamical perspective. However, the kinetic standpoint is totally different: one has a fast incoming flux of hydroxide while the other has not. Such information is essential to complement the thermodynamic analysis but reaction fluxes cannot be estimated from only one point in time.

The second point is restricted to the conditions where CAH 10 is disadvantaged (temperature, nucleation hinderance. . . ) and does not include the C 3 A phase. In these conditions, all CAC systems and their mixture with calcium sulfates will naturally -i.e. without the intervention of third party species -lead to a shortage in hydroxide ions. These hydrates precipitations consume more hydroxide than calcium or aluminate per reaction progress unit while it is the opposite for the CACs dissolution considering their respective stoichiometry. Likewise, those chemical systems also suffer from a differential enrichment by Ca 2+ and Al(OH) 4 -ions. This leads to a decreasing of CAC phases dissolution rates due to the closing of the distance to their equilibrium. Hence the chemical system reaches the so-called dormant period.

This slowing down phenomenon is observed on the CA-HH suspension (fig. 3a) where ettringite precipitates faster between 25 min and 70 min before following a slower linear behavior. The precipitation flux of ettringite can be observed through the consumption rate of sulfate ions since the hemihydrate is already entirely dissolved. It is also observed during the slow precipitation rate of ettringite in the Ternal ® RG- Anhydrite II suspension (before 140 min). Both anhydrous phases dissolve up to an apparent saturation then the system stagnate as highlighted by the slow precipitation rate of ettringite. Finally, this phenomenon is blatant on the CA suspension at 35 • C where CA dissolution reaches its saturation in 25 min and no hydrates from the table 5 precipitate. They only do when the hydroxide concentration is high enough.

The AH 3 formation counters this shortage, once activated. Indeed, it consumes the excess of aluminate ions to produce the limiting reactant, HO -.

Al(OH) 4 -----Al(OH) 3 + HO - (6) 
Because the formation of AH 3 creates a new flux of incoming HO -, the formation of hydrates can proceed.

It is thanks to this reaction that the ettringite precipitation from the CA-HH suspension (fig. 3a) does not completely stop but adopts a slow precipitation rate. This activation of hydrates precipitation by the hydroxide flux from AH 3 formation is also attested by the CA suspension at 35 • C.

However, the activation of AH 3 formation is difficult to control in a quantitative way at 20 • C without specific admixture. The best example is the pure CA suspension at different suspension concentrations (fig. 2b). The pH monitoring highlights three kind of behaviors for AH 3 formation despite going through the same ionic concentration range: a very fast reaction but limited in quantity before the jumps, a set of curves with pH jumps reaching a ceiling and two curves with multiple jumps that break through the ceiling.

This is caused by the existence of metastable states during AH 3 formation. Indeed, the experimental pH values are between the values expected from thermodynamics simulations using GEM-Selektor [START_REF] Wagner | GEM-Selektor geochemical modeling package: TSolMod library and data interface for multicomponent phase models[END_REF]17] and CEMDATA18 [START_REF] Lothenbach | Cemdata18: A chemical thermodynamic database for hydrated portland cements and alkali-activated materials[END_REF] for pure aqueous AH 3 on one hand and solid/microcrystalline/amorphous AH 3 on the other hand. This uncertainty concerning the different stages of AH 3 formation and their solubility products is in fact already acknowledge in the literature of reference of these databases, see Feitknecht and Schindler [START_REF] Feitknecht | Solubility constants of metal oxides, metal hydroxides and metal hydroxide salts in aqueous solution[END_REF] . Therefore, it is not surprising to observe new metastable states not fitting the database values in the presented experiments. It is likely that a longer time passed at a concentration levels around half the apparent saturation of pure CA allows AH 3 formation to escape the metastability encountered above the suspension concentration of 4.5 g.L =1 .

Another example about the difficulty to activate AH 3 formation is the TRG-Anhydrite experiment (fig. 5a). In this case, AH 3 formation cannot be ascertained before 160 min despite being supersaturated. However, it starts to form at exponential rate afterwards as attested by the HO -curve and the phase quantification.

Finally, the difficulty of triggering AH 3 quantitative formation seems to be significantly reduced by increasing the temperature as attested by the CA suspension at 35 • C (fig. 6). This is consistent with a surplus of energy allowing to escape metastable states and also by the decreasing solubility of some forms of AH 3 with the temperature like CEMDATA18 [START_REF] Lothenbach | Cemdata18: A chemical thermodynamic database for hydrated portland cements and alkali-activated materials[END_REF] 's microcrystalline AH 3 .

As a consequence of all those observations, one can derive a baseline mechanism (i.e. without admixture)

for the hydration of CAC-based formulations without CAH 10 precipitation: it is more general tool. This paper also suggest the use of the partial derivative of the saturation index with respect to a reactant concentration (or to a reaction progress unit, dξ) to study the sensibility of the saturation towards this reactant (resp. the progress of the reaction). Since it is based on the general concept of saturation index, it avoids the complex calculations and unnecessary assumptions required to use the elemental ratio reasoning/graphic projection [START_REF] Damidot | Thermodynamic investigation of the CaO-al2o3-CaSO4-k2o-h2o system at 25°c[END_REF][START_REF] Zajac | Early hydration of ye'elimite: Insights from thermodynamic modelling[END_REF] .

Finally, this paper demonstrates one of the baseline mechanism of CAC hydration. CACs are inherently deficient in hydroxide with respect to most of their hydrate. The sole exception being CAH 10 , mostly encountered at low temperature. Hence, the hydration will naturally stop for a certain amount of time.

However, CACs possess an intrinsic way to compensate this anti-climatic retroaction loop: the formation of aluminium hydroxide. This reaction consumes the excess of aluminate ions to produce the deficient hydroxide ions. This reaction is the most quantitative way to obtain hydroxide ions for the hydrates but it can be difficult to activate in a significant amount due to its metastable states. A description of the hydration in six stages has been suggested.

This description explains several observations and knowledge of CAC formulations. It explains why pure CA have a longer open time than ciment Fondu [START_REF] Barret | Contribution to the study of the kinetic mechanism of aluminous cement setting[END_REF] since Fondu have a C 12 A 7 minor phase that brings hydroxide.

It gives the causalities of Stabler [START_REF] Stabler | Impact of different calcium sulphate sources on early age hydration of two different grades of Calcium Aluminate Cement[END_REF] 's observation on pure phases paste (W/C = 2) where the author observes a hydration in two step: a first step with a low progress in the hydration caused by a first precipitation of ettringite then a second step much more quantitative alongside the formation of AH 3 .

It explains why the lithium is the most potent known accelerator of CAC-based formulation, it is already known to dramatically accelerate AH 3 formation [START_REF] Straten | Precipitation from supersaturated aluminate solutions. III. influence of alkali ions with special reference to li+[END_REF][START_REF] Huang | Effect of lithium ion on seed precipitation from sodium aluminate solution[END_REF] .

It explains why some organic retardants of CAC-based formulation are ranked as follows in term of potential: citric acid < tartaric acid < gluconic acid, because the same ranking can also be found for AH 3 crystallization inhibition in the literature [START_REF] Watts | Sodium gluconate as complexing agent in volumetric analysis of aluminum compounds[END_REF][START_REF] Violante | Influence of pH, concentration, and chelating power of organic anions on the synthesis of aluminum hydroxides and oxyhydroxides1[END_REF][START_REF] Power | Organic compounds in the processing of lateritic bauxites to alumina part 2: Effects of organics in the bayer process[END_REF] .

It explains the observations of Hueller et al. [START_REF] Hueller | Influence of crystallinity and surface area on the hydration kinetics of CA2[END_REF] regarding CA 2 hydration. It starts by forming AH 3 because CA 2 dissolution already requires alkaline conditions to dissolve properly (see tab. 4).

In addition, a similar reasoning can be easily derived for the early age of Calcium Sulfoaluminate Cement (CSA) since it precipitates the same hydrates as CACs-Sulfates mixes [START_REF] Winnefeld | Hydration of calcium sulfoaluminate cements -experimental findings and thermodynamic modelling[END_REF] and that Ye'elimite, C 4 A 3 $ the main phase of CSA, does not produce HO -natively like the CA phase.

However, the mechanism has limited validity for winter temperatures. Colder temperatures reduce the solubility of CAH 10 making it easier to precipitate. Its precipitation does not involve hydroxide ions from a global perspective and would modify the ionic concentrations which would in turn alter the AH 3 -driven mechanism in a currently unforeseeable way.

As one can see the percentage of the inert phases from raw Rietveld quantification varies during the hydration despite being, by definition, inert. This is due to the 20.0 g of water incorporated in the solid through hydrates precipitation which "dilutes" the proportion. On the other hand, the real weight is not affected.

In the presented conditions and without any admixture, the weight of solid phase is noted m solid . The 

Figure 1 :

 1 Figure 1: Experimental scheme of the hydration monitoring of suspensions.

Figure 2 :

 2 Figure 2: pH and conductivity monitoring for different CA suspension concentrations.

  (a) CA -HH mixture (b) C12A7 -HH mixture

Figure 3 :

 3 Figure 3: Conductivity and concentrations of 75%wt. CAC -25%wt. HH mixtures at 20 • C and 10 g.L =1 .

Figure 4 :

 4 Figure 4: Hydration of Ternal ® RG at 20 • C and 10 g.L =1 with additions of sodium hydroxide (1M). The black curve is the conductivity of Ternal ® RG without additions.

Figure 5 :

 5 Figure 5: Hydration of 75%wt. Ternal ® RG with 25%wt. of anhydrite II at 20 • C and 10 g.L =1 .

Figure 6 :

 6 Figure 6: Liquid phase monitoring of the hydration of a 10 g.L =1 suspension of pure CA at 35 • C.

( a )

 a Ettringite at 25 min of hydration of CA-HH at 10 g.L =1 C2AH8 at 100 min of hydration of TRG at 10 g.L =1

1 .

 1 First precipitation of hydrates from native hydroxide fluxes (e.g. C 12 A 7 dissolution) 2. A slowdown of these hydrates precipitation caused by HO -differential impoverishment and a slowdown of CAC dissolution by Ca 2+ and Al(OH) 4 -differential enrichment 3. The chemical system is in a "dormant state" leading to the working time 4. AH 3 formation escape its metastable state, creating a new quantitative flux of HO -directed to the solution 5. Increasing of hydroxide concentration in the water 6. Reacceleration of hydrates precipitation or new hydrates nucleation Conclusions First of all, the different experiments highlight the importance of kinetic considerations for CAC hydration since two kind of transient states have been observed: C 2 AH 8 precipitation for the C 12 A 7 -Hemihydrate suspension and the formation of AH 3 on the different CA suspensions at 20 • C. The importance of kinetic in CAC hydration challenged the thermodynamic interpretation based on elemental ratios. The paper advocates to return to the Law of Mass Action for such interpretation since

  total mass lost by the TGA thermal treatment between 30 • C and 600 • C of the whole solid phase is equal to m bw , the total bound water. Let m TGA be the remaining solid mass after such treatment. Then by definition of the mass loss measured by TGA w TGA :w TGA = m bw m solid w TGA = m bw m TGA + m bw w TGA • (m TGA + m bw ) = m bw w TGA • m TGA = (1 -w TGA ) • m bw m bw = w TGA • m TGA 1 -w TGA (F.1)By definition of the Rietveld quantification for one mineralogical phase:m φ = w Rietveld • m solid = w Rietveld • m TGA 1 -w TGA (F.2)With m φ the mass of the said phase and w Rietveld the weight fraction of the phase measured by Rietveld quantification on the considered solid phase.The remaining unknown is the value of m TGA which can be determined by applying several layers of element conservation. The first one is to be applied on the initial state:m oxide (t = 0) = m solid (t = 0) -m bw (t = 0) (F.3)With m solid (t = 0) the weight of the initial solid phase, m bw (t = 0) the initial bound water to be obtained by TGA and m oxide (t = 0) the weight of the oxides contained in the initial solid phase which includes the purely oxidized phases and the solids remaining after thermal treatment of the initial hydrates. E.g. it includes the weight of CaSO 4 remaining from the thermal degradation of the initial hemihydrate CaSO 4 0.5 H 2 O. The second element conservation is to be realized on the oxides for the hydrated solid: m oxide (t = 0) = m remaining ox. (t) + m reacted ox. (t) + m liquid ox. (t) (F.4) With m remaining ox. (t) the oxides remaining from the initial state, m liquid ox. (t) the oxides currently dissolved at the time t and m reacted ox. (t) the oxides which dissolved then precipitated into hydrates, back into the solid phase.

Figure J. 20 :

 20 Figure J.20: TGA analysis of the hydrated solid of C12A7-HH suspension at 10 g.L =1 at 20 • C after 20 min of hydration.

Figure J. 21 :

 21 Figure J.21: TGA analysis of the hydrated solid of C12A7-HH suspension at 10 g.L =1 at 20 • C after 150 min of hydration.

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 :

 1 Quantification of mineralogical phases weights by TGA, Rietveld XRD quantification and ICP-AES.

			Mineralogical phases quantification (g)
	Phases	ICSD/ICDD Code	CA -HH		C 12 A 7 -HH	
			0 min	220 min	0 min	20 min 150 min
	CA	260	7.500	6.591	-	-	-
	C 12 A 7	6287	-	-	7.500	4.862	1.001
	Hemihydrate-β	69060	2.386	-	2.386	-	-
	Anhydrite II	16382	0.050	-	0.050	-	-
	Ettringite	16045	-	0.824	-	3.788	6.882
	C 2 AH 8	045-0564	-	-	-	-	0.687

Table 3 :

 3 Saturation indexes of C2AH8 and their partial derivatives for different 10 g.L =1 suspensions.

		SI	∂SI ∂[Ca 2+ ]	∂SI ∂[Al(OH) 4	-]	∂SI ∂[HO -]
	CA -140 min	2.32	1.1 × 10 2	0.6 × 10 2	9.3 × 10 2
	CA/HH -120 min =4.37 1.1 × 10 2	2.6 × 10 2	64.0 × 10 2
	C 12 A 7 /HH -120 min	5.03	1.1 × 10 2	0.7 × 10 2	2.4 × 10 2

Table 4 :

 4 Dissolution reactions of CAC anhydrous phases

	Solid		Stoichiometry Stoichiometry
	associated	Chemical reactions	HO -	Al(OH) 4	-

Table 5 :

 5 Reactions of precipitations of CAC and CAC-Sulfates hydrates

	Solid		Stoichiometry Stoichiometry
	associated	Chemical reactions	HO -	Al(OH) 4	-

Appendix F. Calculations method to retrieve the phases weights