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Introduction

Calcium phosphate cements are usually composed of one or several phases containing calcium and phosphates, to which other calcic compounds as calcium hydroxide or calcium carbonate can possibly be added as well as additives to control the setting and the properties of the hardened matrix [1 3). Mixed with aqueous solutions, they can yield different end products, such as stoichiometric or calcium deficient hydroxyapatite, calcium octaphosphate (CasCH2POJ 6 •5H20) or brushite (CaHP04•2H20), by an acid base or hydrolysis reaction [START_REF] Janot | Biocéramiques et biociments résorbables pour le comblement osseux[END_REF]. The main applications of phosphate cements are in the dentistry and medicine area since they form a product with a similar chemical composition to bones and teeth [5 11). Regarding apatite cements (Ca 5 (P0 4hOH), certain properties are also of interest for applications concerning radioactive wastes conditioning, such as their structural flexibility, high temperature stability, very low solubility in slightly acidic, neutral, or alkaline aqueous media and irradiation stability [START_REF] Elliott | Structure and chemistry of the apatites and other calcium orthophosphates[END_REF]. However, a limitation of these binders for use on a large scale is the cost of some of the reactants prepared at high temperature (tetracalcium and tricalcium phosphates).

A Jess expensive calcium phosphate binder can be prepared from wollastonite (CaSiÜ3), a natural calcium meta silicate, and phosphoric
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acid (H 3 P0 4 ), as firstly described by Sernler [START_REF] Semler | Lime Silico Phosphate Ceramics[END_REF][START_REF] Semler | A quick-setting wollastonite phosphate cement[END_REF]. The reaction starts in very acidic medium (pH -1), but the pH increases rapidly to reach equilibrium at a value close to 6 [START_REF] Mosselmans | Thermal hardening and structure of a phosphorus containing cementitious model material[END_REF]. For Ca/P molar ratios between 1 and 2.56, a calcium phosphate (brushite (CaHP0 4 •2H20)) and amor phous silica are formed according to equation (Eq. ( 1)) [START_REF] Mosselmans | Thermal hardening and structure of a phosphorus containing cementitious model material[END_REF][START_REF] Wilson | Acid-base cements: Their biomedical and insdustrial applications[END_REF]. However, wollastonite based binders are highly reactive and can exhibit flash set as well as excessive heat output [START_REF] Mosselmans | Thermal hardening and structure of a phosphorus containing cementitious model material[END_REF] and need to be strongly retarded, for instance by an addition of boron species, such as borax or borie acid [START_REF] Semler | A quick-setting wollastonite phosphate cement[END_REF].

Wollastonite based brushite cements have found applications for refractory materials as they exhibit very good thermal resistance after hydrothermal post curing [START_REF] Alshaaer | Production of monetite-based Inorganic Phosphate Cement (M-IPC) using hydrothermal post curing (HTPC)[END_REF]. Textile reinforced cementitious corn posites have been successfully designed for applications requiring high load bearing capacity, good fire resistance and lightweight construction [START_REF] Wu | Inorganic Resins Composition, Their Preparation and use Thereof[END_REF]. Due to very different cernent chemistries, some retarders of Portland cernent hydration such as heavy metals may be much less influent on the setting and hardening process of wollastonite based binders. For instance, lead oxide can be incorporated up to 500/4 by weight of cernent (wollastonite) without notable degradation of the mechanical and thermal properties [START_REF] Colorado | Wollastonite based-Chemically Bonded Phosphate Ceramics with lead oxide contents under gamma irradiation[END_REF]. The resulting composites have potential for radiation shielding applications. Good adhesion properties with wood products, ceramics and concrete have also been recently reported, which opens up their spectrum of applications [START_REF] Colorado | Wollastonite based chemically bonded phosphate ceramics composites[END_REF].

Most studies on wollastonite based binders have been focused on the characterization of the final products [START_REF] Mosselmans | Thermal hardening and structure of a phosphorus containing cementitious model material[END_REF][START_REF] Colorado | Wollastonite based chemically bonded phosphate ceramics composites[END_REF], on the associated microstructure [START_REF] Mosselmans | Thermal hardening and structure of a phosphorus containing cementitious model material[END_REF] and on the functional properties of the resulting materials [START_REF] Alshaaer | Production of monetite-based Inorganic Phosphate Cement (M-IPC) using hydrothermal post curing (HTPC)[END_REF][START_REF] Colorado | Inorganic phosphate cement fabricated with wollastonite, barium titanate, and phosphoric acid[END_REF][START_REF] Alshaaer | Evaluation of a low temperature hardening Inorganic Phosphate Cement for high-temperature applications[END_REF]. This work aims at giving a new insight into the setting and hardening process of such binders, by characterizing the evolution of both the liquid and solid phases with ongoing hydration.

Experimental

Materials and specimen preparation

The wollastonite based binder was provided by Sulitec. It was a two component system, consisting of a calcium silicate powder and of a phosphoric acid based solution. The powder mainly comprised wol lastonite, and traces of calcite and quartz as shown by X ray diffraction and thermogravimetric analysis (Fig. 1). Calcite resulted from carbo nation of metastable wollastonite when exposed to air.

Based on the weight loss recorded at 654 °C (decarbonation of CaCO 3 ) by thermogravimetric analysis, the proportion of calcite was assessed to be 1.6 ± 0.1 wt%. The particle size distribution of the powder, determined by laser granulometry, ranged between 0.5 μm and 135 μm (d 10 = 2.8 μm, d 50 = 15.2 μm, d 90 = 48.3 μm). During in dustrial crushing, wollastonite breaks into lath or needle shaped par ticles because of its cleavage properties. This tendency is measured by the ratio of the length to diameter of the particles. The average aspect ratio, measured on SEM images (characterization of 100 particles), was close to 4:1, which is rather small as compared to other commercial wollastonites.

The mixing solution was a phosphoric acid solution ([P] = 9.3 mol/ L), containing metal cations ([Al 3+ ] = 1.3 mol/L, [Zn 2+ ] = 1.3 mol/L) and borax ([Na 2 B 4 O 7 ] = 0.15 mol/L) as a retarding agent. The weight ratio of the mixing solution to the cement powder was fixed to 1.25 in all samples, resulting in a Ca/P molar ratio of 1.2. Mixing was per formed during 5 min using a laboratory mixer equipped with an anchor stirrer and rotating at 250 rpm. Paste samples were cast into airtight polypropylene boxes (20 mL of paste per box) and cured at 25 ± 1 °C for a period of time ranging from 30 min to 48 h, before being char acterized to determine their mineralogy and microstructure (Section 2.2.2). The cement hydration process was also investigated using a panel of complementary techniques, as described in Section 2.2.1.

Characterization techniques

Characterization of cement hydration

Hydration of the cement pastes was investigated using a TAM AIR conduction microcalorimeter under isothermal conditions at 25 °C. Calorific capacities of solution and cement were respectively taken equal to 3.76 and 0.75 J/°C/g. Mixing of the dry cement and solution was performed outside the calorimeter. About 2 g of cement paste was cast in a glass ampoule and introduced in the calorimeter. The heat flow was recorded versus time and compared to that of a sample maintained at 25 °C and consisting of water, the volume of which being adjusted to get the same calorific capacity as the paste sample.

The Vicat setting time was measured according to European stan dard EN 196 3. The needle was on a 300 g moveable rod and had a diameter of 1 mm ± 0.05 mm. A sample of fresh cement paste was cast in a frustum 40 mm in height. Initial setting time was considered as the time when the needle penetration was 39 mm ± 0.5 mm. The final setting time corresponded to < 0.5 mm penetration. To avoid any de siccation of the paste during setting, a layer of Vaseline oil was poured on the material before starting the experiment. Penetration was then measured every 30 min. Oil was used instead of water since it was observed that the presence of curing water retarded cement setting. This delay was likely due to the dilution of the acidic mixing solution and its pH increase. In the presence of oil, the samples exhibited the same setting time as the pastes cured in air tight polypropylene boxes at 25 °C.

In addition, the viscoelastic properties and electrical conductivity of the paste samples were simultaneously monitored with ongoing hy dration using a specifically designed device [START_REF] Champenois | Beneficial use of a cell coupling rheometry, conductimetry, and calorimetry to investigate the early age hydration of calcium sulfoaluminate cement[END_REF]. It comprised a cy lindrically shaped Plexiglas cell (inner radius of 15 mm, total volume of 70 mL) with two annular stainless steel electrodes, which was filled with the cement paste. The cell was thermostated at 25 °C by circulation of cooling water in a double envelope. It was connected to the EC channel of an electrochemistry meter (Consort C 861) with a BNC cable. A specific data acquisition software (Consort Dis Data) was used to collect conductivity measurements. The conductivity cell was cali brated using a 12.888 mS/cm standardized KCl solution at 25 °C. Evo lution of the viscoelastic properties of the paste was followed by dy namic mode rheometry using a strain driven controlled stress rheometer (AR G2 TA Instrument, USA). A sinusoidal shear strain (γ) was applied to the cement paste at constant frequency (ω). The re sulting stress (τ) was measured by the intermediary of the torque and was also sinusoidal with a δ phase lag with respect to the applied strain.
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The ratio between the stress and the shear strain is equal to the complex shear modulus (G*) and is defined by: 
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Derivative weight (%/°C) 1. the same tool could be used to mix the sample to get a better homogeneity just before the rheometric characterization, so that all the materials had the same history before beginning the experiment, 2. it was much less sensitive to segregation than the classical parallel plate geometry.

Moreover, it has been shown on several different types of materials that this geometry gives the same rheological information or signature than the conventional parallel plate geometry [START_REF] Choplin | Sytemic rheology or how to extend the process viscosity concept[END_REF]. The vane geometry was calibrated with standard oil (S6300, 1.41 Pa•s, at 25 °C, PSL), as well as with a non Newtonian fluid (water + 0.5% Xanthan) [START_REF] Aït-Kadi | Quantitative analysis of mixer-type rheometers using the Couette analogy[END_REF].

The shrinkage cone (Schleibinger Geräte) method was used to measure the evolution of the apparent volume of the cement paste at early age. The device was initially developed by the German Cement Works Association for measuring the autogenous shrinkage of concrete [START_REF] Kaufmann | Effect of the addition of ultrafine cement and short fibber reinforcement on shrinkage, rheological and mechanical properties of Portland cement pastes[END_REF][START_REF] Eppers | The shrinkage cone method for measuring the autogenous shrinkage -an alternative to the corrugated tube method[END_REF]. The device was described by Lafond et al. [START_REF] Lafond | Investigation of the swelling behavior of cationic exchange resins saturated with Na + ions in a C3S paste[END_REF]. It consisted of a laser vertically pointed at the surface of a cone shaped sample ther mostated at 25 °C. The cone geometry (10 cm height by 11.5 cm dia meter in the opening) of the sample ensured that the change in height corresponded to the linear length change of the material as long as it was fluid and also after solidification since deformation was considered as uniform. After pouring the sample in the cone, its surface was cov ered with a plastic sheet equipped with a reflector to avoid desiccation. The jar was then placed underneath the laser, and the distance variation between the reflector and the laser was recorded every minute. The measurement range was 5 mm, with a resolution of 0.1 μm. The volume variation normalized by the initial volume is given in Eq. ( 5), with V 0 and V the initial volume and the volume at time t respectively, h 0 the initial height, and Δh the height variation given by the device.
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Characterization of the microstructure and mineralogy

Cement hydration was stopped after fixed periods of time by suc cessively immersing the crushed paste into isopropanol, filtrating the suspension and drying it in an oven at 38 °C for 4 h. Preliminary tests showed that two samples dried at 38 °C for 24 h or at room temperature during several days exhibited the same mineralogy.

Thermogravimetric analyses were carried out in 30 μL crucibles under N 2 atmosphere (gas flow set at 50 mL/min) using a METTLER TOLEDO TGA/DSC 3+ instrument at 2 °C/min up to 700 °C. The curves were corrected from buoyancy effects (caused by the density of the surrounding gas decreasing on heating) by performing a blank sub traction.

Crystallized phases were qualitatively analysed by powder X ray diffraction with the Bragg Brentano geometry (PanAlytical X'pert Pro, copper anode, λ Kα1 = 1.5418 Ǻ, scanning from 2θ = 5°to 70°in 0.017°s teps, for a total counting time of 42 min) on pastes ground by hand to a particle size < 80 μm. To get a quantitative evolution of the phases during the hydration process, samples aged from 30 min to 7 days were analysed using the Debye Scherer configuration (transmission mode). They were introduced in Lindeman tubes (Ф = 0.7 mm) and mounted on a spinning goniometric head during measurement to reduce the preferred orientation effect. Data were recorded by using copper ra diation (λ = 1.5418 Å) at room temperature in the 2 θ range 5 120°w ith a step size of 0.017°for a total counting time of 6 h. Powders were finely ground at a particle size below 80 μm with 10 wt% silicon used as an internal standard for quantitative analysis. Fullproof suite software was used for the quantitative analysis of the different phases with the Rietveld method [START_REF] Frontera | FullProf as a nex tool for flipping ratio analysis[END_REF]. Rietveld refinements allowed to determine the weight fractions of each crystalline phase and of total amorphous.

The reactions occurring during hydration not only consumed water, but also ions from the solution (phosphate, aluminum, zinc, boron, sodium). On the contrary to a Portland cement paste, the weight of solid at a given hydration time could not be simply calculated by adding to the initial mass of solid the amount of bound water determined by TGA. Therefore, a quantitative elemental analysis was necessary to determine the mass of solid, and thus to assess that of residual wollastonite and precipitated products. To do so, two types of total digestions were carried out.

1. Liquid digestion: about 10 g of sample were digested in 20 mL of aqua regia (3.2 mol/L of HNO 3 and 9.6 mol/L of HCl). The digestion took 1 h to complete. Since aqua regia partially decomposed during this period, the remaining volume at the end of the digestion was measured. Then, 1 mL aliquots were sampled and diluted in 9 mL of 2 wt% HNO 3 solution. This method made it possible to analyse all the cement elements (Al, Zn, P, Na, B) excepting Si for which the results were poorly repeatable. 2. Solid digestion: the solid digestion was carried out in lithium me taborate to quantify Ca, Al, Zn, P, Na and Si. The powder was fused at 950 °C with a sample to metaborate ratio equal to 0.25. After digestion, the paste was solubilized in a 20 wt% HCl solution.

In both cases, the resulting samples were analysed by ICP AES and the weight fractions of Al, Zn, P, Na, Si and B in the solid could be determined. Analysis of the liquid phase by ICP AES up to 7 h of hy dration (see below in Section 2.2.3) showed that the concentration of dissolved silica was negligible (< 2 mmol/L). It was thus postulated that silica was only present in the solid phase (as amorphous silica resulting from incongruent dissolution of wollastonite and as a com ponent of wollastonite). According to mass conservation equation (Eq. ( 6)), the total mass of silica in the solid phase (m(Si) sol ) was thus as sumed to be equal to the initial mass of silica (m(Si) ini ).

= + m(Si) m(Si) m(Si) ini liq sol . . (6) 
with m(Si) liq the mass of Si in the liquid phase, which was neglected. Then, the total mass of solid phases at time t (m(Sol.) t ) was calcu lated using Eq. ( 7)).
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with m(Si) sol,t the total mass of Si in the solid at time t, wt%(Si) sol,t the weight fraction of Si in the solid at time t determined by ICP AES and m (SiO 2 ) ini the initial mass of SiO 2 (present as a component of wollasto nite). Knowing the mass of solid over hydration time, the mass of each phase was calculated using the results from Rietveld analysis. Then, the mass of amorphous silica at time t (m(SiO 2 (am)) t ) was inferred from mass balance equation (Eq. ( 8)).
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with m(CaSiO 3 ) t the mass of wollastonite at time t, M(SiO 2 ) and M (CaSiO 3 ) the molar weights of silica and wollastonite respectively. Finally, the weights of all the other phases being assessed, the amounts of aluminum, calcium, phosphorus and zinc in the amorphous phase were calculated using mass conservation.

The microstructure evolution was observed by Scanning Electron with G′ the shear storage modulus, and G″ the shear loss modulus. A strain sweep experiment was carried out at a frequency of 1 rad/s on paste samples after increasing hydration times (just after mixing, 10 h, 24 h and 30 h): the viscoelasticity plateau ended at a shear strain of 10 -3 , in all cases. In order to stay within the linear viscoelasticity domain of the materials, and thus to avoid destructive measurement, the dynamic mode rheometry experiments were performed using a 10 -4 shear strain and a 1 rad/s frequency. A specific vane geometry (stainless steel, radius of 20 mm, length of 3 cm) was used to perform all the experiments. This geometry was selected for two reasons: Microscopy (FEI Inspect S50, high vacuum mode, acceleration voltage of 15 kV, current intensity of 50 nA, working distance of 9.7 mm) on sample fractures and polished sections at different ages. The polished sections were prepared by impregnating cement pastes (in which hy dration was stopped) with an epoxy resin (EPO TEK 301) under va cuum. The samples were then polished using several diamond grades (down to 1 μm) and carbon coated using a carbon evaporator (Quorum Q150TE). The Ca/P, Al/P and Zn/P ratios in the hydrates were de termined by X ray microanalysis on polished cross sections (high va cuum mode, Bruker X flash SDD detector (10 mm 2 ) calibrated on ja deite for Na, alumina for Al, zinc metal for Zn, GaP for P and wollastonite for Si and Ca, statistics on 20 to 30 measurement points). Some paste samples were characterized using 31 P and 27 Al MAS NMR. Experiments were carried out on a VARIAN VNMRS 600 MHz (14.1 T) spectrometer using a 3.2 mm T3 MAS (Magic Angle Spinning) probe with ZrO 2 rotors spun at 20 kHz. 31 P NMR MAS spectra were recorded at 242.81 MHz using presaturation followed by a single pulse with 90°pulses of 3 μs, recycle delay of 240 s, 16 transients and spinal 1 H decoupling during acquisition. The recycle delay was set to 240 s, in order to respect the relaxation times T 1 of the amorphous species pre sent in the sample. However, phosphate crystalline species have ex tremely long relaxation delay. Therefore, the relative contribution of crystalline phases in regards to amorphous species was underestimated. Chemical shifts were referenced to external K 2 HPO 4 at 4.1 ppm (used as a secondary reference). 27 Al NMR MAS spectra were acquired at 156.30 MHz using single pulse experiments with a 15°pulse of 1 μs, recycle delay of 1 s, 4096 transients and CW (continuous wave) 1 H decoupling during acquisition. Chemical shift were referenced to ex ternal Al(NO 3 ) 3 solution (0 ppm).

Characterization of the interstitial solution

During the first 7 h of hydration, the pore solution of the paste samples could be extracted by compaction of about 20 g samples with a RETSCH PP25 mechanical press at a pressure of 34 MPa. The elemental composition of the interstitial solution was determined using ICP AES (Thermo Fisher ICAP 6300 Duo) previously calibrated with external standards (solutions of Al, B, Ca, Na, P, Si and Zn) and matrix recon stitution. Samples were diluted in a 2 wt% nitric acid solution before their analysis.

As the solutions were initially very acidic, their pH could not be measured directly with a pH electrode. Therefore, their acidity function H 0 was determined. This function was first developed by Hammett [START_REF] Hammett | The theory of acidity[END_REF] and provides a quantitative measure of acidity derived from ionization equilibria of an indicator behaving in the Brönsted Lowry sense.
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The acidity function is defined by Eq. ( 9).

= + H pK log (C /C ) 0 BH B BH (9) 
The ratio between the de protonated and protonated forms can be determined by several techniques (vapor pressure [START_REF] Elmore | Activity of orthophosphoric acid in aqueous solution at 25 °C from vapor pressure measurments[END_REF], electrochemical [START_REF] Louis | Étude physico-chimique des solutions concentrées en acide phosphorique par voie électrochimique. Propriétés acido-basiques et oxydoréductrices[END_REF] and spectroscopic [33 36] measurements). In this work, the acidity function was determined using UV visible spectroscopy. The 4 chloro 2 nitroaniline was chosen as the acidity indicator for two rea sons: its pK BH value of -0.89 at 19 °C falls within the range of interest and it has already been used for acidity function measurement of phosphoric acid solutions [START_REF] Heibronner | Die Hammett'sche Säurefunktion des Systems Phosphorsäure/Wasser[END_REF]. The indicator concentration was taken equal to 5.10 -5 mol/L, the spectra were recorded 30 min after mixing (to reach equilibrium) and the absorption values were measured at 432 nm using Genesis 10S UV Vis (Thermo Scientific) spectro photometer. The acidity function was then calculated using Eq. ( 10), where A 432 x was the absorbance of solution X at 432 nm and A 432 0 was the absorbance of the fully deprotonated indicator in an aqueous so lution at 432 nm.

= - + H 0.89 log (A /(A -A )) x 0 432 x 432 0 432 (10) 

Thermodynamic modelling

Experiments were supported by thermodynamic equilibrium mod elling in order to predict the evolution of the mineralogy of the cement paste with ongoing hydration. Thermodynamic calculations were car ried out using CHESS software which works by minimizing the free energy of a pre defined system [START_REF] Van Der Lee | Thermodynamic and Mathematical Concepts of CHESS[END_REF].

The quality of modelling directly depends on the quality and com pleteness of the underlying database [START_REF] Damidot | Thermodynamics and cement science[END_REF]. The Chess database was enriched by adding new calcium phosphate species relevant to the in vestigated system. They are summarized in Table 1, together with their formation constants. Because of the rather high ionic strength of the pore solution, the activities of the dissolved species could not be simply assessed by their concentrations. Initially, the ionic strength of the mixing solution was extremely high. According to Cherif et al. [START_REF] Cherif | A new investigation of aqueous orthophosphoric acid speciation using Raman spectroscopy[END_REF], a concentrated phosphoric acid solution (9 mol/L) contains 5 mol/L H + , 1.5 mol/L H 2 PO 4 -and 3.5 mol/L H 5 P 2 O 8 -. However, when the pro ducts started to precipitate, the ionic strength dropped below 0.75 mol/ L. The B dot model [START_REF] Helgeson | Thermodynamics of complex formation in aqueous solution at elevated temperatures and pressures[END_REF] was thus used to take into account electrostatic and steric interactions. The model, which is an extension of the Debye Hückel equation, is considered reasonably accurate in predicting the activities of Na + and Cl -ions to concentrations as large as several mol/ kg, and of other species to ionic strengths up to 0.3 to 1 mol/kg.

Results and discussion

Evolution of the acidity of the pore solution

The evolution of the acidity function measured up to 7 h of hydra tion is given in Fig. 2. H 0 values increased during this period, meaning that the solution became less acidic over time. This evolution could be explained by the progressive dissolution of wollastonite which con sumed protons from the solution (Eq. ( 11)). 

+ + → + + + + CaSiO 2H xH O Ca SiO •(x 1)H O (am)

Evolution of the cement paste over the first 48 h

The evolution of the viscoelastic parameters, heat flow and elec trical conductivity in the cement paste during the first 48 h after mixing are shown in Fig. 3.

Four stages could be defined from the rheometric measurements.

Stage 1: from 0 to 5 h

From 0 to 5 h, the storage and shear loss modulus exhibited a first increase of rather small magnitude, and reached a plateau. Initially, the shear loss modulus was higher than the storage modulus, meaning that the paste had a liquid like behaviour. However, the storage modulus increased rapidly and exceeded the shear loss modulus only a few minutes after the beginning of the experiment. This indicated the transformation of a dispersed system of cement grains into a network showing the characteristics of a solid. Note however that, if the paste exhibited some kind of cohesion shortly after mixing, it remained flowable by applying a small mechanical solicitation. During this period, the electrical conductivity began to decrease, which could be explained by a decrease in the acidity of the interstitial solution (see Section 3.1) and by the precipitation of the first hydrates. From a thermal point of view, the first minutes were characterized by heat production which resulted from several factors: start of dissolution of wollastonite (Table 2), but also, and mainly, introduction of the ex ternally prepared sample in the calorimetric chamber, which biased the signal for 30 to 45 min. The powder X ray diffraction patterns showed the precipitation of small amounts of well crystallized MonoCalcium Phosphate Monohydrate (MCPM: Ca(H 2 PO 4 ) 2 •H 2 O). The presence of amorphous phases was also pointed out by Rietveld quantification using the internal standard method (silicon). One expected product according to Mosselmans et al. [START_REF] Mosselmans | Thermal hardening and structure of a phosphorus containing cementitious model material[END_REF] is amorphous silica. However the sole precipitation of amorphous silica could not explain the amount of amorphous phase calculated by Rietveld analysis (40 g of amorphous phase, whereas only 5 g of wollastonite was consumed at 4 h, meaning that 2.6 g of silica at most could have been produced). Therefore, an additional amorphous product was present. Mass balance calculations showed that it contained aluminum, phosphate, zinc and calcium (Fig. 4 B). According to the calculated phase evolution, only small amounts of wollastonite dissolved during this stage, leading to small amounts of MCPM and silica (Fig. 4 B). The main product was thus the phosphate containing amorphous phase. The observation of a polished section of a 30 min old sample confirmed the presence of a phosphate rich product containing aluminum and zinc (shown in blue in Fig. 5), which could correspond to the amorphous phase. According to EDS analyses (Fig. 6), its average Ca/P, Al/P and Zn/P were respectively 0.13 ± 0.06, 0.28 ± 0.05 and 0.22 ± 0.04.

The early precipitation of an amorphous product has already been reported for zinc phosphate dental cement [START_REF] Jabri | Optimisation of hardness and setting time of dental zinc phosphate cementusing a design of experiments[END_REF], but has never been fully characterized. To obtain more information, 31 P and 27 Al NMR spectra were acquired on the 30 min old sample (Fig. 7). The 31 P NMR spectrum showed the presence of MCPM (peaks at 0.1 and -4.3 ppm assigned to Q 0 units where Q is the PO 4 tetrahedral units and n the number of bridging oxygen per tetrahedron [START_REF] Legrand | P Solid-State NMR study of the chemical setting process of a dual-paste injectable brushite cements[END_REF]), but other contribu tions in the Q 0 and possibly in the Q 1 range were also noticed at -1.3, -6.7 and -12.5 ppm. In addition, the 27 Al spectrum showed the pre sence of a peak (at -13.3 ppm) characteristic of octahedral aluminum forming Al (OP) 6 units [START_REF] Mackenzie | Multinuclear Solid-state Nuclear Magnetic Resonance of Inorganic Materials[END_REF]. Also, 27 Al spectrum showed the presence of two other minor contributions (5% each) at 7.9 and 57.9 ppm, which 
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Fig. 12 shows their distribution in the liquid and solid phases with ongoing hydration. A significant fraction of Al and Zn was actually insolubilized from the first characterization time, which was consistent with the precipitation of the amorphous phosphate phase containing zinc and aluminum observed experimentally. For each element, the total of its dissolved (determined from the analysis of the liquid phase) and precipitated amounts (determined from the analysis of the solid phase) was in acceptable agreement with that introduced initially given the analytical uncertainties. 

Modelling of wollastonite reaction

Thermodynamic modelling of the phase development was in vestigated for a simplified system comprising 100 g of wollastonite and 76 mL of a 9 mol/L H 3 PO 4 solution with 0.15 mol/L Na 2 B 4 O 7 . The Ca/P, B/P, Na/P molar ratios and the liquid/solid weight ratio were the same as in the cement paste investigated experimentally. In this first mod elling approach, the zinc and aluminum cations were omitted because of the lack of thermodynamic data concerning their reaction product (amorphous phosphate phase). With the densities of all phases present (Table 3), the evolution of the individual phase volumes was calculated as a function of the amount of consumed wollastonite and compared to the experiment (Fig. 13). The simulation showed three main steps in the hydration process of wollastonite.

Step A (depleted wollastonite ranging from 0 to 39%): the pH in creased by more than two units; MCPM, which is known to be stable in acidic medium [START_REF] Dorozhkin | Calcium Orthophosphate Cements and Concretes[END_REF], precipitated, as well as amorphous silica.

Step B (depleted wollastonite ranging from 39% to 82%): the pH reached a plateau at 3.1; MCPM dissolved and brushite precipitated. The dissolution of MCPM was governed by the pH increase: MCPM is unstable at pH above 2, while brushite is stable at pH values be tween 2 and 6 [START_REF] Dorozhkin | Calcium Orthophosphate Cements and Concretes[END_REF]. At the end of this stage, the pH increased again by 1 unit.

Step C (depleted wollastonite ranging from 82 to 100%): the pH increased again by one unit, causing the dissolution of a small fraction of brushite and the precipitation of hydroxyapatite (HA), the most insoluble calcium phosphate phase in slightly acidic, neutral or basic medium. This simulation reproduced the precipitation sequence observed experimentally:

CaSiO 3 + H 3 PO 4 → SiO 2 (am) + MCPM → SiO 2 (am) + Brushite. The transient precipitation of MCPM was therefore gov erned by thermodynamic considerations: MCPM was the most stable calcium phosphate at the beginning of hydration when the pH was low. Then, the pH increase led to the destabilization of MCPM and pre cipitation of brushite. The precipitation of hydroxyapatite was not ob served experimentally since wollastonite had not completely reacted: at the end of the experiment (48 h), about 40 wt% of wollastonite re mained in the paste sample. Another difference was the amount of MCPM and brushite which precipitated: it was overestimated by the simulation, as compared with the experiment. This resulted from the fact that the precipitation of the alumino phosphate phase containing some calcium was neglected in the calculation.

The simulation predicted an increase in the volume of solids and a decrease in the volume of liquid (more important when brushite formed instead of MCPM) which resulted in a net decrease in the total volume (18 cm 3 /100 g of wollastonite for complete reactions). The apparent volume variation of the cement paste was measured experimentally using the shrinkage cone device (Fig. 14). The results showed that the volume of paste increased during the first period of hydration, which mainly resulted from the decarbonation of calcite (present in small amount in the cement powder) in acidic medium (Eq. ( 13)). The gas production created porosity.

+ → + + + + CaCO 2H Ca CO H O 3 2 2 2 (13) 
Then, the volume increased as MCPM precipitated. Finally the conversion of MCPM into brushite caused a shrinkage (Fig. 14), which was consistent with the trend expected from thermodynamic calcula tions (Fig. 13 B). At the end of experiment, the apparent volume ex hibited a net increase by 5% as compared to the initial volume, cor responding to 10 cm 3 /100 g of wollastonite.

Conclusion

This work, focused on the hydration of wollastonite by an ortho phosphoric solution in the presence of borax and metallic cations (Al 3+ , Zn 2+ ), led to the following conclusions. 1. Hydration is a multi step process summarized in Fig. 15 2. The evolution of the phase assemblage is partially described by thermodynamic modelling. The conversion of MCPM into brushite is governed by the pH evolution: the former is stable at pH below 3, the latter at higher pH. The model should be improved however by taking into account the amorphous phosphate phase which was neglected in this preliminary approach. 3. Consolidation of the cement paste occurs in three main stages. Its storage modulus exhibits a first increase of small magnitude just after mixing, when the amorphous phosphate phase precipitates. Its second and third increases are correlated with the massive pre cipitation of MCPM and brushite respectively. The Vicat setting occurs once brushite starts to precipitate.

Future work should investigate the long term evolution of the paste samples depending on their curing conditions and the influence of the formulation parameters on the hydration process, such as the Ca/P ratio and the initial concentrations of aluminum, zinc and borax in the so lution. 

Table 3

Density and molar volume of phases used for thermodynamic calculations [START_REF] Janot | Biocéramiques et biociments résorbables pour le comblement osseux[END_REF].

Phase

Formula Density (g/cm 3 ) Molar volume (cm 

CaSi0 3 + H 3 P0 4 + 4 •

 3344 (1 + x) H 2 0 -+ Si0 2 -xH 2 0 + CaHP0

Fig. 1 .

 1 Fig. 1. Mineralogical characterization of the cement powder by X-ray diffraction (a) and thermogravimetry analysis (b).

Fig. 2 .

 2 Fig. 2. Evolution of the acidity function of the interstitial solution up to 7 h of hydration.

Fig. 3 .

 3 Fig. 3. Evolution of the viscoelastic parameters (A and B), electrical conductivity (C) and heat flow (D) with ongoing hydration.

Fig. 12 .

 12 Fig.[START_REF] Elliott | Structure and chemistry of the apatites and other calcium orthophosphates[END_REF]. Distribution of the amount of aluminum (A), boron (B), calcium (C), sodium (D), phosphorus (E), silicon (F) and zinc (G) between the liquid and solid phases over the first 7 h of hydration.

Fig. 13 .

 13 Fig. 13. Volume and phase evolution during the hydration of wollastonite by a phosphoric acid solution A-Experimental results, B-Modelling results.

Fig. 14 .

 14 Fig. 14. Measured volume variation during hydration of wollastonite.

Fig. 15 .

 15 Fig. 15. Summary of the hydration process of wollastonite with a solution of phosphoric acid containing aluminum, zinc and borax.

Table 1

 1 Calcium phosphate minerals added to the Chess Database.

	3	2	2	2	2	(11)

Table 2

 2 Enthalpy of reaction occurring during hydration of wollastonite[START_REF] Vieillard | Thermochemical Properties of Phosphates[END_REF][START_REF] Helgeson | Summary and critique of the thermodynamic properties of rock forming minerals[END_REF].

	Type of reaction	Balance equation	Enthalpy of
			reaction (kJ/
			mol)
	Wollastonite	CaSiO 3 + 2H + →	96.46
	dissolution	Ca 2+ + SiO 2 + H 2 O	
	MCPM precipitation	Ca 2+ + 2H 3 PO 4 + H 2 O → Ca	4.36
		(H 2 PO 4 ) 2 •H 2 O + 2H +	
	Brushite precipitation	Ca 2+ + H 3 PO 4 + 2H 2 O →	0.77
		CaHPO 4 •2H 2 O + 2H +	
	Conversion MCPM →	Ca(H 2 PO 4 ) 2 •H 2 O + H 2 O →	3,59
	Brushite	CaHPO 4 •2H 2 O + H 3 PO 4	

  . Amorphous silica is formed by incongruent dissolution of wollastonite. In ad dition, several phosphate products precipitate an amorphous phase containing Al, Zn and Ca which massively forms during the first minutes after mixing, and which progressively becomes richer in calcium as hydration progresses, monocalcium phosphate monohydrate (Ca(H 2 PO 4 ) 2 •H 2 O MCPM), which forms transiently, brushite (Ca(HPO 4 )•2H 2 O), which forms once MCPM starts to de stabilize.
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