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Structural role of titanium on slag properties
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The presence of titanium in Ground Granulated Blast-furnace Slags (GGBS) has been suspected to modify cement properties. This study provides the first evidence of a relation between the TiO 2 content of slags and the mechanical properties of mortars based on slag cements. It is observed that only the slags containing less than 1%TiO 2 show a compressive strength at 28 days that remains within the 52.5 MPa norm with CEM III cements complying with the European Standard NF EN 197-1. The structural origin of this chemical dependence of the performance of cements is investigated by determining directly the titanium speciation in various European slags by spectroscopic methods. Electron Paramagnetic Resonance indicates that about 76% of Ti in slag occurs as Ti 4+ . The atomic structure around Ti was determined by Ti K-edge X-ray Absorption Near Edge Spectroscopy, which shows that Ti is mainly 5-fold coordinated in square-based pyramid geometry. Five coordinated Ti acts as network-stabilizer of the silicate network as it increases the polymerization. Requiring Ca 2+ for charge-compensation of the titanyl bond, it reduces the availability of Ca 2+ during glass alteration in a modified random model of glass structure, where Ca 2+ atoms are clustered in percolating cationic domains. As a consequence, the presence of 5-coordinated Ti results in a slower dissolution of the slag. These peculiar structural properties of titanium may explain the detrimental role of Ti above a 1% concentration, for many physical and chemical slag properties. This work provides a scientific ground for the technological acceptability of the upper limit of the Ti-content of GGBS.

1.

Introduction

Portland cement is the dominant binder used in concrete for construction with an annual worldwide production exceeding now 4 Gt/year, 1 accounting for about 2% of the global primary energy consumption and 5% of anthropogenic CO 2 emissions. 2 Within the scope of a circular economy imposed by the future scarcity of primary raw materials, 3 the waste produced by other industries may be used as low-CO 2 binders. 4 Among these secondary raw materials, Ground Granulated Blast-furnace Slags (GGBS) from steelmaking industry can be used as supplementary cementitious materials (SCM) for producing low carbon footprint cements ("green cements").

GGBS is an amorphous by-product obtained by rapid cooling under water of high temperature molten silicate slags. It has been used as SCM for about a century due to its latent hydraulic properties. In addition to reducing the environmental footprint of cement by limiting the use of clinker, 5 the use of GGBS improves the durability of concrete. For instance, the replacement of Portland cement by GGBS increases the resistance of concrete and mortar against chloride penetration and sodium sulfate attack, with insignificant mass transfers between mortar and solution. 6,7 Ground granulated blast-furnace slags are calcium aluminosilicate glasses, which contain a dozen oxides including TiO 2 . 8 "Green" cements can be made with up to 95% GGBS. However, their implementation remains challenging, as the use of GGBS represents a substantial departure from the traditional chemistry of Portland cement. In particular, modeling the reactivity of the slag in water when mixed with clinker requires a better understanding of the influence of slag processing and physicochemical properties on their performance. Various parameters have been linked to the reactivity of GGBS such as the glass content, the particle size distribution and the chemical composition of the slag. 9 As underlined recently, it is clear that a lower polymerization of the amorphous network leads to a higher reactivity. 10 Among the components of GGBS, the CaO/ SiO 2 ratio and the Al 2 O 3 and TiO 2 contents can exert a substantial influence on glass reactivity. 11 Despite various quality parameters, that may be used to predict slag reactivity, as briefly discussed in Section 2.1, a quantitative evaluation of slag and SCMs reactivity is still an important issue (see e.g. RILEM TC 267 TRM). As the chemical composition of the slag plays a key role in slag reactivity, 12 a better understanding of the atomic structure of GGBS may help assess their hydration properties.

Technological context

Among the minor components of slags, TiO 2 has a peculiar origin. It is contained in the raw materials used for steelmaking, but it can be also intentionally added as ilmenite (FeTiO 3 ).

Indeed, the presence of titanium during steelmaking helps protect the refractory materials of the blast furnace and extends its lifetime. Titanium can be present in slags as Ti 4+ and Ti 3+ , as the molten slag is formed in a blast-furnace under reducing conditions that favor the presence of some Ti as Ti 3+ , 13 as shown in titania slags. 14 Even at low TiO 2 contents, the presence of Ti leads to changes in the structure of the amorphous slags. 9,15 The increase of slag density at higher Ticontent has been related to the presence of high coordinated Ti. 9 Also, with increasing amounts of TiO 2 , the corrosion resistance and the porosity of the GGBS increase. 9,13,16 All these slag properties generally change at a limit of about 1 % TiO 2 , 9,17,18 even if the exact value of this limit differs depending on the blast furnace slag considered.

The incidence of Ti on the mechanical properties of mortars and concretes elaborated with GGBS is a concern. It has been observed that the early strength of GGBS-based mortars may be reduced if the TiO 2 content exceeds 1%: 17 a higher TiO 2 concentration induces a loss of reactivity of slag cement in water and a drop of the early compressive strength of the associated mortar that is no longer acceptable from the point of view of industrial norms. 9,15,18,19 An inverse correlation between TiO 2 concentration and the mechanical strength of mortars may also be observed for TiO 2 contents smaller than 1%: Figure 1 shows the performance of GGBS-based mortars, monitored by the mechanical strength at 1 shows that, though titanium concentration remains low, the modification of the mechanical resistance is about 5 and 15 MPa for cements containing 60% and 70% slag, respectively. This is a high variation by comparison with the standard deviation on the overall industrial production of cements CEM III / A and B, which remains of the order of 1.5 -1.8 MPa after 28 days. 9 It is of interest that the 52.5

MPa limit of the NF EN 197-1 Standard corresponds to a 1% TiO 2 content of the slags, for cements containing 60% slag, as shown on Figure 1.

The present study aims to assess, based on spectroscopic data, the speciation of Ti, i.e., its oxidation state and coordination number in the atomic structure of GGBS with a TiO 2 content below or around the specification range of 1% TiO 2 . Electron paramagnetic resonance (EPR) and Ti K-edge X-ray absorption near-edge spectroscopy (XANES) show that titanium, mainly as Ti 4+ , occurs in 5-coordination (square-based pyramid) in all slags investigated. This peculiar geometry of the Ti-site influences the local polymerization. It may account for the adverse role of Ti on physical and chemical properties of GGBS, including its influence on the mechanical resistance of GGBS-based mortars at 28 days.

Experimental

Materials

Six representative GGBS were selected from various European cement plants. Table 1 gives an overview of their chemical composition obtained by X-ray fluorescence analysis. Their amorphous nature is confirmed by x-ray diffraction (Figure S1) and optical isotropy.

According to various parameters aimed to estimate the reactivity and solubility of GGBS, these slags are within the EN 15167-1 European standard or in accordance with values currently used in the industrial practice. These slags match the common acceptance criteria: 12 -The basicity indices, C/S, C+M/S and (C+M)/(S+A), are larger than 1.

-The glass forming index, C+M+S, is higher than 66%.

The hydraulic indices are given by relations predicting the slag performance in terms of hydraulic reactivity, such as the Tetmayer modulus and the Hydraulic index, and are also satisfied, as they are simultaneously higher than 1.

Slags 2 and 5 were also remelted at 1400°C for 1h in air in a platinum crucible. The melts were quenched by immersion of the bottom of the platinum crucible in water avoiding any contact between water and the remelted slag. All samples were ground in an agate mortar.

EPR measurements

An assessment of the Ti 3+ content of the samples was made by electron paramagnetic resonance (EPR). EPR spectra were recorded at X-band (9.4 GHz) and 1 mW microwave power, using a Bruker EMXplus spectrometer. The measurements were performed at low temperature (90 K, i.e. about -183 °C) to maximize the intensity of the signal. A 2,2-diphenyl-1-picrylhydrazyl (DPPH) reference sample was used to calibrate the magnetic field. The intensity of the spectra was normalized by the weight of the sample, the receiver gain, a filling factor depending on the height of the sample in the tube and resulting from the non-uniformity of the magnetic field in the resonator and the modulation amplitude. [START_REF] Eaton | Quantitative EPR[END_REF] The concentration of the paramagnetic species was calculated by reference to an alanine reference sample (Bruker ER213ASC) with a known concentration of 1.75 x 10 17 +/-10% spins.

XANES measurements

Ti K-edge X-ray absorption near-edge structure (XANES) spectra of the amorphous slags were recorded in the fluorescence mode on the LUCIA beamline of the SOLEIL synchrotron (Saint-Aubin, France) using a Si(311) monochromator giving a spectral resolution of 0.15 eV. The XANES spectra were all normalized with the same parameters using ATHENA software. [START_REF] Ravel | HEPHAESTUS: data analysis for X-ray absorption spectroscopy using IFEFFIT[END_REF] The intensity and energy position of the pre-edge features were determined by fitting the corresponding peak with a Lorentzian function after removal of an arctangent background. The accuracy of the extracted pre-edge intensity is 0.03 (a.u.). The crystalline references for XANES spectroscopy were rutile (TiO 2 ) and fresnoite (Ba 2 TiSi 2 O 8 ) for [START_REF] Ukpata | Expansion of CEM I and slag-blended cement mortars exposed to combined chloride-sulphate environments Cem[END_REF] Ti and [START_REF] Yang | Effect of supplementary cementitious materials on reduction of CO 2 emissions from concrete[END_REF] Ti, respectively. A K 2 O.TiO 2 .2 SiO 2 (KTS2) glass was also used for comparison as it only contains [START_REF] Yang | Effect of supplementary cementitious materials on reduction of CO 2 emissions from concrete[END_REF] Ti. 22

Results

EPR

The redox state of Ti cannot be quantified chemically in slags, due to the presence of other redox-sensitive elements (Fe, Mn). However, EPR spectra can be used to determine the concentration of paramagnetic species that may correspond to some oxidation states of transition elements (e.g. Ti 3+ , Fe 3+ , Mn 2+ ...). The EPR spectra of the slags present a resonance near 3500G (Figure 2). This signal is broad and asymmetric and is assigned to Ti 3+ (Figure S2). [START_REF] Iwamoto | State of Ti 3+ ion and Ti 3+ -Ti 4+ redox reaction in reduced sodium silicate glasses[END_REF] This asymmetry indicates that Ti 3+ occurs in a distorted site. Moreover, the Ti 3+ signal is superimposed by a broad signal due to the presence of magnetic clusters, which may indicate minor amounts of a RO phase (FeO-MgO-MnO-CaO solid solution) often found in slags. [START_REF] Jonczy | Forms of occurrence of selected alloying elements in slag from an electric arc furnace[END_REF] There is no signal due to isolated Fe 3+ in the amorphous matrix, showing that all Fe is in the divalent state, as a consequence of the reducing conditions during steelmaking in the blast furnace. In order to better constrain the speciation of Ti and Fe, the slags were remelted under oxidizing conditions. In these remelted slags, the Ti 3+ signal disappears (Figure 2), showing that all Ti 3+ is oxidized to Ti 4+ . At the same time, an intense Fe 3+ resonance appears near 800 and 1500G, which results from the partial oxidation of Fe 2+ during remelting in air. It is noteworthy that the broad signal assigned to the RO phase around 2500G is not affected by slag melting under oxidizing conditions.

Under the assumption of a proportional evolution of the Ti 3+ content with the total Ti content, a Ti 4+ /Ti(total) ratio of 76% (+/-7.2%) can be estimated from the slope of a linear regression of the Ti 3+ EPR data on the investigated slags (Figure S3). The high reliability of the linear regression analysis demonstrates that the oxidation state of titanium is similar in all samples investigated.

Ti K-edge XANES

XANES allows determining the coordination number of Ti ( [4] -, [START_REF] Yang | Effect of supplementary cementitious materials on reduction of CO 2 emissions from concrete[END_REF] -and [6] Ti). The lowenergy side of the absorption edge (Figure 3) corresponds to the pre-edge, which is a specific feature, the intensity of which is enhanced for [START_REF] Shi | Recent progress in low-carbon binders[END_REF] Ti and [START_REF] Yang | Effect of supplementary cementitious materials on reduction of CO 2 emissions from concrete[END_REF] Ti sites, as compared to a [START_REF] Ukpata | Expansion of CEM I and slag-blended cement mortars exposed to combined chloride-sulphate environments Cem[END_REF] Ti site.

The sensitivity of XANES allows investigating the proportion of Ti coordination numbers, 25,26 as

shown in Figure 4.

The XANES spectra of slags (Figure 3) present an intense pre-edge feature (labeled A) at 4970 eV and two main features (labeled B and C) located at 4986 eV and 4998 eV. No significant feature appears at higher energy, by contrast to the crystalline references. This arises from the absence of long distance ordering in these amorphous slags. The B and C features are quite similar to those observed on the K 2 O.TiO 2 .2 SiO 2 (KTS2) reference glass, except for a small shoulder appearing near peak C, at about 5005 eV in KTS2. As KTS2 contains mostly [START_REF] Yang | Effect of supplementary cementitious materials on reduction of CO 2 emissions from concrete[END_REF] Ti, the overall similarity of the XANES data suggests that Ti 4+ and Ti 3+ are also dominantly 5-coordinated in slags.

This is confirmed by a detailed examination of the pre-edge. The energy position of this feature is shifted by about 0.5 eV relative to that of [START_REF] Shi | Recent progress in low-carbon binders[END_REF] Ti (Figure 4). The pre-edge shows a similar shape and intensity for all ground slag samples and the [START_REF] Yang | Effect of supplementary cementitious materials on reduction of CO 2 emissions from concrete[END_REF] Ti references, KTS2 and fresnoite (Ba 2 TiOSi 2 O 7 ). Based on the energy position of this pre-edge and its intensity, Figure 4 indicates that the investigated slags do not contain measurable amounts of [START_REF] Ukpata | Expansion of CEM I and slag-blended cement mortars exposed to combined chloride-sulphate environments Cem[END_REF] Ti, Ti being mainly 5coordinated, with a minor contribution of tetrahedral Ti. The intensity of the pre-edge feature (Figure S4) increases by 10%, without change in the energy position or linewidth, from the pristine slags, which contain Ti 3+ and Ti 4+ , to the remelted slags, which contain only Ti 4+ : this confirms the similar speciation of Ti 3+ and Ti 4+ .

Discussion

Speciation of Ti

Titanium occurs in glasses under 3 different coordination numbers: [START_REF] Shi | Recent progress in low-carbon binders[END_REF] Ti, [START_REF] Yang | Effect of supplementary cementitious materials on reduction of CO 2 emissions from concrete[END_REF] Ti, [START_REF] Ukpata | Expansion of CEM I and slag-blended cement mortars exposed to combined chloride-sulphate environments Cem[END_REF] Ti.

When Ti is 4-coordinated, i.e. in tetrahedral coordination, it may occur in a network-forming position, although its ionic radius is almost twice as large as that of Si (0.42 Ak vs. 0.26Ak for [START_REF] Shi | Recent progress in low-carbon binders[END_REF] Ti 4+

and [START_REF] Shi | Recent progress in low-carbon binders[END_REF] Si 4+ , respectively). When Ti is 6-coordinated, it is located in octahedral sites, acting as a network modifier. However, X-ray absorption spectroscopy at K-and L-edge and neutron diffraction studies indicate that Ti is 5-coordinated in most silicate glasses. [START_REF] Cormier | Medium-range order around titanium in a silicate glass studied by neutron diffraction with isotopic substitution[END_REF][START_REF] Farges | Coordination chemistry of Ti (IV) in silicate glasses and melts: II. Glasses at ambient temperature and pressure[END_REF][START_REF] Henderson | A Ti L-edge X-ray absorption study of Ti-silicate glasses[END_REF] This study shows that it is also the preferred coordination of Ti in all investigated slags. There is no difference between the speciation of titanium in the slags that are inside or outside the specification range Spectroscopic data demonstrate that titanium is present as Ti 3+ and Ti 4+ in blast furnace slags, Ti 4+ being the main oxidation state. The presence of Ti 3+ is consistent with the reducing conditions of slag formation in blast furnaces. These conditions, intended to reduce the iron ore, are however not reducing enough to reduce all Ti into Ti 3+ . Ti is mainly 5-fold coordinated under these two oxidation states in the slags. No [START_REF] Ukpata | Expansion of CEM I and slag-blended cement mortars exposed to combined chloride-sulphate environments Cem[END_REF] Ti 4+ contribution is evidenced by XANES and the absence of [START_REF] Ukpata | Expansion of CEM I and slag-blended cement mortars exposed to combined chloride-sulphate environments Cem[END_REF] Ti 3+ is confirmed using UV-visible spectroscopy (not presented here) by the absence of a characteristic Ti 3+ absorption band at 20 000cm -1 . 30 These results are consistent with the predominance of [START_REF] Yang | Effect of supplementary cementitious materials on reduction of CO 2 emissions from concrete[END_REF] Ti observed in alkaline-earth silicate glasses with a low TiO 2 content. 27

The similarity of of the XANES spectra of slags and the reference KTS2 glass indicates that five-fold coordinated Ti occurs in a square-based pyramid with four basal Ti-O bonds of 1.9-2.0 Ak and one shorter titanyl bond of 1.65-1.76 Ak (Figure 5a). 22,27 This confirms that 5-coordination is a common coordination of transition elements in glasses. 31,32 By contrast to previous assumptions of a change from tetrahedral to octahedral Ti-coordination with increasing Ti content above 1 % in slags, 9 the present study does not show any evidence of a concentrationdependent modification of Ti coordination, Ti remaining in 5-coordination.

Influence of the speciation of Ti on the structure of amorphous slags

The presence of five-coordinated Ti influences the atomic scale structure at a medium range, with potential consequences on slag properties. With this coordination site geometry, Ti plays a dual role in the amorphous structure of slags. The oxygen of the titanyl bond is nonbridging (i.e. non-bonded to a SiO 4 tetrahedron): this bond gives Ti the role of a network-modifier cation. At the same time, the four basal Ti-O bonds imply oxygen atoms that link the Ti site to the (Si,Al)O 4 tetrahedra of the aluminosilicate network (Figure 5b): in that case, the bridging oxygen atoms (Ti-O-Si) make Ti play the role of a network-former cation. In this peculiar fivecoordination, there is a charge deficit localized on the oxygen of the titanyl bond and the remaining negative charge of the [START_REF] Yang | Effect of supplementary cementitious materials on reduction of CO 2 emissions from concrete[END_REF] Ti square-based pyramid has to be compensated by cations. [START_REF] Cormier | Medium-range order around titanium in a silicate glass studied by neutron diffraction with isotopic substitution[END_REF] As [START_REF] Shi | Recent progress in low-carbon binders[END_REF] Al 3+ is charge-compensated by Na + preferentially to Ca 2+ , 33,34 the few alkalis present in the composition of the slags will preferentially compensate [START_REF] Shi | Recent progress in low-carbon binders[END_REF] Al. Five-coordinated Ti will therefore be compensated only by Ca 2+ , a peculiar structural property that may be related to the anomalies related to the presence of Ti, as discussed in Section 2.

The Ca 2+ ions compensating the charge deficit of the underbonded oxygen atom of the titanyl moiety, can no more be considered as network modifiers in the structure of the slag. The amorphous network is therefore more polymerized around [START_REF] Yang | Effect of supplementary cementitious materials on reduction of CO 2 emissions from concrete[END_REF] Ti. As minority Ti 3+ occurs in a similar site as [START_REF] Yang | Effect of supplementary cementitious materials on reduction of CO 2 emissions from concrete[END_REF] Ti 4+ , the amorphous network will also be stabilized around [START_REF] Yang | Effect of supplementary cementitious materials on reduction of CO 2 emissions from concrete[END_REF] Ti 3+ . In addition, the charge-compensating Ca 2+ cations can be expected to be more difficult to exchange than network-modifiers during the hydration of the amorphous slag. An analogous behavior for Na + can be found in sodium aluminosilicate glasses hydrated in water, where the Na + ions that play the role of network modifiers are selectively leached, whereas the Na + ions charge compensating tetrahedral Al 3+ remain untouched. 35

These results are consistent with the correlation between the Ti concentration and an increase of the polymerization stabilizing the silicate network through the Ti-O-Si linkages that imply the four basal oxygen atoms of the square pyramid Ti-site. Such a polymerization with increasing TiO 2 content has been observed by Raman spectroscopy in amorphous slags resulting from the vitrification of air pollution control residue 36 and in CaO-MgO-SiO 2 -TiO 2 slags. 28 Under these conditions, the concentration of Si tetrahedra in Q 2 and Q 3 configuration increases while the number of Q 0 and Q 1 species decreases, resulting in a more polymerized amorphous network.

This modifies the medium range structural organization of the amorphous slags, because of the heterogeneous structure predicted by the modified random network model of silicate glasses. 37

In this model, [START_REF] Yang | Effect of supplementary cementitious materials on reduction of CO 2 emissions from concrete[END_REF] Ti is located at the interface between the polymeric network (containing SiO 4

and AlO 4 tetrahedra and the bridging oxygen atoms of the TiO 5 sites) and percolating cation-rich domains (containing Ca 2+ and Na + ions and the titanyl oxygens). This picture of the structural role of titanium in glasses is more complex than the previous description based on the coexistence of [START_REF] Shi | Recent progress in low-carbon binders[END_REF] Ti and [START_REF] Ukpata | Expansion of CEM I and slag-blended cement mortars exposed to combined chloride-sulphate environments Cem[END_REF] Ti. 9 A model similar to ours accounts for the peculiar properties of Ti-containing aluminosilicate glasses. The presence of titanium decreases the concentration of network modifying cations leading to the coexistence of two kinds of connected sub-domains: one in which SiO 4 tetrahedra and [START_REF] Yang | Effect of supplementary cementitious materials on reduction of CO 2 emissions from concrete[END_REF] Ti, charge balanced by cations, are linked together, the other based on interconnected SiO 4 and tetrahedral alumina charge balanced by cations. 38

Titanium influence on slag reactivity

Low amounts of titanium have long been known to affect physical and chemical properties of glasses and melts. [START_REF] Romano | Effect of aluminum on Ti-coordination in silicate glasses: A XANES study[END_REF] In slags, despite the minor Ti concentration, the presence of this element has been often invoked to explain the modification of several properties, including density, color, porosity, slag reactivity and compressive strength of mortars. 9 For instance, it has been mentioned that the presence of high contents of Ti in slags can lead to an unwanted concrete color, which is actually light when using cement with a high slag content. 9 As shown in Section 2, most studies mention a critical Ti-concentration of about 1 %, above which slag properties are modified. By contrast, a TiO 2 content lower than about 1 % is considered uncritical. 15 More specifically, low amounts of TiO 2 play a detrimental role on the reactivity of a large diversity of oxide glasses of technological interest, even for Ti-concentrations at the 1 % level. The reactivity of Ti-rich slags from the vitrification of air pollution control residues decreases with increasing TiO 2 -content, which has been attributed to an increasing polymerization of the amorphous network. [START_REF] Keeley | The effect of the extent of polymerisation of a slag structure on the strength of alkali-activated slag binders[END_REF] In borosilicate glasses of nuclear interest, adding 1 % TiO 2 decreases the initial dissolution rate by a factor of two. 40 Similarly, the addition of 2% TiO 2 to E-glasses enhances the corrosion resistance of glass fibers. 41 A final example concerns phosphate glasses, for which the solubility decreases by 30% over 21 days, as the TiO 2 content increases from 0.2 to 1 %. 42

The structural origin of the influence of Ti on slag reactivity may be related to the 5coordination of this element and the subsequent need for charge compensation. Indeed, recent diffraction and Molecular Dynamics/Reverse Monde Carlo numerical simulations studies have demonstrated that the structure of slags is characterized by Ca 2+ ions occurring preferentially in concentrated domains percolating the silicate network (Figure 5c). Since the ionic bonds are more reactive than the covalent bonds, these percolating domains may be preferential pathways of water molecules during glass alteration 37 . This may explain the influence of low amounts of titanium on slag properties, by breaking the connectivity of these alteration pathways, as Ca mobility during slag corrosion will be locally hindered by the need to charge-compensate the neighboring [START_REF] Yang | Effect of supplementary cementitious materials on reduction of CO 2 emissions from concrete[END_REF] Ti sites.

The porosity of slags is another property of technological concern. It is related to melt viscosity and the ease to nucleating gas bubbles to escape. The addition of TiO 2 increases the viscosity of aluminosilicate melts, which was found to be consistent with majority [START_REF] Yang | Effect of supplementary cementitious materials on reduction of CO 2 emissions from concrete[END_REF] Ti. 38 In slags, a higher porosity has been observed at a TiO 2 content higher than about 1 %, which may result from a higher viscosity of the liquid blast furnace slag before granulation. 9 The peculiar square-pyramid geometry of 5-coordinated Ti in GGBS slags imposes an increasing polymerization of the silicate network around Ti, through Ti-O-Si linkages. This is at the origin of an increased viscosity of Ti-bearing silicate melts. The increased porosity of TiO 2 -rich GGBS facilitates their grindability, but also gives rise to higher residual moisture, which is detrimental and has to be driven out in an energy-intensive manner. 9

Conclusion and perspectives

This study shows a clear inverse relationship between Ti concentration of slags and cement performance, demonstrating the existence of a critical value of 1% TiO 2 below which titanium may be accepted for CEM-III cements to remain within the industrial norm NF EN197-1.

The structural origin of this influence has been directly investigated through chemically selective spectroscopic methods (EPR and Ti K-edge XANES) that allow determine the speciation of Ti in amorphous blast-furnace slags. In all studied slags, the main oxidation state is Ti 4+ , with about 24 
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  of [Ti]<1 %: the local environment of Ti in these aluminosilicate glasses is remarkably constant and is not affected by variations in the Ti-content. This is in line with literature structural data on Ti speciation in Ti-rich slags, based on the model system CaO-Al 2 O 3 -SiO 2 -TiO 2 , where a Raman peak near 870 cm -1 has been recently assigned to the presence of a [5] Ti-O-Si vibration, 28 revising previous interpretations indicating the presence of [4] Ti. 29

  +/-7.2) % of the Ti atoms being Ti 3+ , as shown by EPR. Titanium K-edge XANES shows that Ti is mainly 5-fold coordinated. In this environment, Ti is in square-based pyramid geometry. In this peculiar atomic arrangement, Ti plays a dual role of network-former and network-modifier. The speciation of Ti is the same in all studied slags, including those outside the specification range of about 1 % [TiO 2 ]. Five-fold coordinated Ti acts as a network-stabilizer as it increases the polymerization of the silicate network through the T-O-Si linkages formed by the oxygen neighbors forming the base of the square pyramid. Simple charge balance arguments suggest that the titanyl bond of the five-fold coordinated Ti requires Ca for charge compensation. This reduces the availability of network-modifiers ions in the glass. This speciation modifies the medium range structural organization of the amorphous slag, which gives a structural ground to the origin of the detrimental role played by titanium in the physical and chemical properties of the slags used as a supplementary cementitious materials at Ti-concentrations as low as 1%. As an outlook, it can be speculated that favoring 4-or 6-fold Ti coordination states -which do not require charge compensation by Ca-may mitigate the penalizing role of Ti in CEM-III cements.

Figure 1 :

 1 Figure 1: Evolution of the compressive strength at 28 days of mortars based on slag cements (containing 60% and 70% amorphous slag) as a function of the TiO 2 content of the slag, following the norm NF EN 196-1 (see text). The samples are representative of major European industrial plants (ATILH, pers. comm.).

Figure 2 :

 2 Figure 2: Electron Paramagnetic Resonance spectra of pristine and remelted slag 2. The Ti 3+ EPR signal at near 3500G disappears after remelting under oxidizing conditions, showing the complete oxidation of Ti 3+ into Ti 4+ . After remelting under oxidizing conditions, some Fe 2+ initially present in the slag is oxidized into Fe 3+ . The large resonance centered around 2500G corresponds to magnetic clusters, probably the RO phase, unaffected by remelting.

Figure 3 :

 3 Figure 3: Ti K-edge X-ray Absorption Near-Edge Structure spectra of slags and reference samples. The spectra have been normalized to the atomic absorption. The pre-edge is the intense feature located on the low-energy side of the absorption edge.

Figure 4 : 21 Figure 5 :

 4215 Figure 4: Energy position and normalized intensity of the pre-edge feature of the Ti K-edge XANES spectra of slags, relative to the values observed for 4-, 5-and 6-coordinated Ti (after ref. 26). The accuracy is 0.1 eV for the energy position and 0.03 for the pre-edge intensity.

  

Table 1 :

 1 Composition (in wt.%) of the granulated blast-furnace slag samples obtained by X-ray fluorescence measurements. #1 concerns the specifications defined by the norm NF EN 15167-1.#2 corresponds to the usual values adopted, according to practice.

	Element	Slag 1	Slag 2	Slag 3	Slag 4	Slag 5	Slag 6	#1	#2
	SiO2	39.25	36.76	35.79	37.09	36.91	35.55	-	
	Al2O3	9.97	11.37	11.32	10.54	11.86	10.77	-	
	Fe2O3	1.35	0.40	1.06	0.39	0.37	0.90	-	
	CaO	38.52	43.31	41.62	41.24	42.13	40.94	-	
	MgO	8.80	6.26	6.35	6.38	6.45	7.42	≤ 18	
	SO3	0.14	0.12	1.85	2.08	n.d.	1.68	≤ 2.5	
	Na2O	0.52	0.36	0.27	0.31	0.14	0.22	-	
	K2O	0.60	0.50	0.44	0.43	0.54	0.38	-	
	TiO2	0.49	0.58	0.94	1.21	1.34	1.86	-	
	Mn2O3	0.33	0.3	0.32	0.34	0.25	0.27	-	
	Total	99.97	99.96	99.96	100	99.99	99.99		
	Glass content (*)	>95	>95	>95	>95	>95	>95		>90
	C/S	0.98	1.18	1.16	1.11	1.14	1.15		>1
	(C+M)/S	1.21	1.35	1.34	1.28	1.32	1.36	≥1	≥1
	(C+M)/(S+A)	0.96	1.03	1.02	1.00	1.00	1.04		>1
	C+M+S	84.99	87.33	85.05	84.87	83.22	84.89	> 66	
	Hydraulic index	1.44	1.59	1.59	1.51	1.57	1.61		>1
	Tetmayer modulus 1.54	1.70	1.70	1.62	1.67	1.73		>1
	(#1): Specification according to NF EN 15167-1					
	(#2): Usual values according to practice						
	(*): Checked by XRD and birefringence						

Hydraulic index = [CaO+(1.4*MgO)+(0.56*Al2O3)]/SiO2 Tetmayer index = [CaO/56+MgO/40+Al2O3/102]/[SiO2/60]
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S1. Experimental conditions for acquisition and treatment of the Ti K-edge XANES spectra

The storage ring of the SOLEIL synchrotron was operating at 2.75 GeV with an average current of 450 mA. The energy was calibrated using a Ti foil (first inflexion point of the pre-edge at 4966.0 eV). The spectra were recorded using from 4920 eV to 5200 eV with the following energy steps: from 4920 to 4960 eV, 2 eV/step; from 4962 to 4978 eV (pre-edge region), 0.1 eV/step; from 4978.1 to 5015 eV (edge region), 0.2 eV/step; from 5015.2 to 5050 eV, 0.5 eV/step and from 5050.5 to 5200 eV, 1 eV/step. A counting time of 1 to 3 s was chosen depending on the amount of Ti in the sample. The detector was a mono-element Si drift diode located at 90° from the incident X-ray beam direction. Sample holders were tilted so that the incident beam intersects their surfaces with a 10° angle. For each sample, three spectra were recorded and averaged.

The fluorescence signal was corrected from the dead time of the detector and normalized by the intensity of the incident signal I0. For the reference samples that contain high amounts of Ti, selfabsorption was corrected with the same software. The crystalline references, rutile and fresnoite, were checked by X-ray diffraction using the Cu Kα radiation of a PANalytical X'Pert Pro diffractometer. As the pre-edge of the rutile spectrum is composed of three components, three Lorentzian functions were used instead of one. The intensity and energy position of the second peak are the most sensitive to Ti-site geometry [START_REF] Jonczy | Forms of occurrence of selected alloying elements in slag from an electric arc furnace[END_REF] and were used as [6] Ti 4+ standard.