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Introduction

The most widely used materials for piezoelectric actuators, transducers, thermal switches, memory storage devices and sensors are Lead Zirconate Titanate (Pb(Zr,Ti)O3) or PZT. Considering the toxicity of lead, there is a great interest in developing environment and human friendly piezoelectric materials [START_REF] Saito | Lead-free piezoceramics[END_REF]. Ceramics were the most promising materials to replace PZT so far, such as (K,Na)NbO, 0.5(BiNa)TiO3-BaTiO or (Ba,Ca)(Zr,Ti)O3 based materials. The BaO-TiO2-SiO2 (BTS) system has also been widely studied because of the fresnoite crystallized phase (Ba2TiSi2O8), which exhibits piezoelectricity [START_REF] Rüssel | Oriented crystallisation of glass. A review[END_REF]. A suitable method to obtain dense and uniform size fresnoite ceramics is to crystallize fresnoite glass.

Many authors have studied fresnoite crystallization kinetics in glasses and fresnoite glass-ceramics properties [START_REF] Cabral | Nanocrystallization of fresnoite glass. I. Nucleation an growth kinetics[END_REF][START_REF] Bang | The Crystallization Mechanism and Dielectric Property of BatiO3 -SiO2 glass[END_REF][START_REF] Shinozaki | Elastic properties and Vickers hardness of optically transparent glassceramics with fresnoite Ba2TiSi2O8 nanocrystals[END_REF][START_REF] Rodrigues | Isothermal and non-isothermal crystallization of a fresnoite glass[END_REF][START_REF] Zhu | Preparation and properties of BaTiSi2O7 glass-ceramics[END_REF] but only few have paid attention to the study of BTS-type glasses outside of the fresnoite stoichiometric composition [START_REF] Kim | Dielectric and conduction behavior of xBaTiO3 (1-x) SiO2 glasses[END_REF][START_REF] Masai | Structure and non-linear optical properties of BaO-TiO2-SiO2 glass containing Ba2TiSiO8 crystal[END_REF]. These glasses exhibit non-linear optical properties and high dielectric constant [START_REF] Zorin | Some properties and the structure of glass of the system BaO-SiO2-TiO2[END_REF]. In the present study, several glasses were synthesized along the 30 mol.% BaO axis and their elastic moduli (E, K, µ) and shear viscosity coefficient () were measured as a function of temperature in the 0.9 to 1.2Tg interval. The temperature dependence of  is discussed in the light of the elastic softening occurring above Tg. Preliminary investigations were conducted with Raman scattering and IR-Visible spectroscopies to assess the glass network structure and to identify some correlation to the mechanical behavior.

Materials and experimental techniques

0.3BaO-xTiO2-(0.7-x)SiO2 glasses with x between 0 and 0.3 were prepared by melt-quenching with BaCO3 (99%), TiO2 (99%) and SiO2 (99.9%) starting materials from Sigma Aldrich. The powder mixture was introduced in a ball-milling machine for 10 minutes and then melted in a Platinum-Rhodium crucible in an electric furnace at 1770 -1800 K for 2 hours. 50 g batches were quenched in a pre-heated (at 700 K) super alloy (Inconel 600) mold and annealed at Tg-10 K for 5 hours. Glasses were cut and mechanically polished to obtain a mirror surface and parallel geometry. Dense, homogeneous, transparent and colorless (x = 0 to 0.05) to yellowish (x = 0.10 to 0.20) and brownish (x = 0.25 to 0.30) glasses were obtained (Fig. 1). A smaller than 0.5 mol.% difference was found between the nominal composition and the actual one as determined by Energy-Dispersive X-ray Spectroscopy analysis.

Density, ρ, was measured by Archimedes' method in distilled water with an accuracy of 0.01 g/cm 3 . For each glass, the density was taken as the average value over 10 measurements with different pieces from the same batch. Differential Thermal Analysis (DTA) was performed using a SDT 2960 TA Instrument. The glass transition temperature, Tg, was taken as the temperature at which the endothermic effect is observed at 10 K.min -1 using a platinum crucible containing ~50 mg of bulk glass. The Coefficient of linear Thermal Expansion (CTE) was estimated in the 500-800 K temperature interval from thermal expansion curves obtained using a Thermo-Mechanical Analysis (TMA) 2930 CE apparatus (TA Instrument). Absorption spectra were measured using a Perkin-Elmer Lambda 950 UV-visible spectrometer in the 300 -900 nm -1 frequency range. Raman scattering spectroscopy was carried out in the range of 220-3800 cm -1 with a WItec Alpha 300RA Raman-AFM confocal spectrometer using a 532 nm laser wavelength excitation, a 39 mW power. Elastic moduli at room temperature were obtained using UltraSonic Echography (USE) by means of 10 MHz piezoelectric transducers in contact with the sample via a coupling gel. Young's modulus, E, and the shear modulus, µ, are given by:

E = ρ(3Vl² -4Vt²)/(Vl²/Vt² -1) (1) 
µ = ρVt² (2)
where Vl and Vt are respectively the longitudinal and transversal wave speeds. Then Poisson's ratio () and the bulk modulus (K) can be easily calculated:

=E/2-1 (3) K=E/[3(1 -2ν)] (4) 
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Values for the elastic moduli at room temperature are reported in table 1. Errors are mostly due to the measurements of the sample density and size (which was taken with an accuracy of 50 µm).

Elastic moduli were obtained as a function of temperature using an impulse excitation technique [START_REF] Roebben | Impulse excitation apparatus to measure resonant frequencies, elastic moduli, and internal friction at room and high temperature[END_REF][START_REF] Gadaud | Bulk and coated materials shear modulus determination by means of torsional resonant method[END_REF]. Rectangular samples were cut from the bulk glasses and were suspended by platinum wires at the position of the nodes for their first bending vibration mode, then placed in an electric furnace. Samples were heated at 10 K.min -1 up to Tg+100 K. In this method the sample is excited periodically by the impact of a small dense alumina projectile. The vibration signal is captured by a microphone and analyzed using a Resonance Frequency and Damping Analyzer (RFDA). A Fast-Fourier Transformation is then made to extract the resonance frequencies from the signal. The present investigations were limited to the shear modulus, which is given by [START_REF]ASTM international, Standard Test Method for Dynamic Young's Modulus, Shear Modulus, and Poisson's Ration by Impulse Excitation of Vibration[END_REF]:

µ = 4LAmft²/bt ( 5 
)
where L is the length, b the width, t the thickness, m the mass of sample, ft the main frequency for torsion and A a constant that depends on the geometry of the sample (typically A ~ 0.01 -0.02).

The major source for experimental error lies in the measurement of the sample dimensions (L and t). Temperature was controlled using a thermocouple placed at ~1 cm above the sample. Shear modulus values and their temperature dependence are reported in Table 2.

The shear viscosity coefficient () was measured using a creep testing machine equipped with alumina pistons and support and allowing for a differential measurement of the specimen displacement in the hot zone [START_REF] Fontana | A versatile parallel-plate viscometer for glass viscosity measurements to 1000 degrees C[END_REF][START_REF] Webber | Measurement of the viscosity of chalcogenide glasses by a parallel plate technique[END_REF]. The parallelepipedic sample (5x5x8 mm 3 ) was heated at 5 K.min -1 to the target temperature and the specimen displacement was recorded as a function of the time during isothermal stages by means of a Linear Variable Differential Transducer (LVDT) sensor by differential measurement between the upper and lower piston. For each temperature step, when the quasi-stationary stage is reached, e.g. the strain rate ε̇ is constant, η (Pa.s) is calculated according to Trouton's law [START_REF] Trouton | On the coefficient of viscous traction and its relation to that of viscosity[END_REF]:

η = σ/(3ε) (6) 
where σ (Pa) is the applied stress, σ = Fh/(S0h0), and ε is the strain, ε = ln(h/h0).

As far as a constant volume throughout deformation is assumed, S = S0h0/h. h, h0 and S0 are the height, the initial height and surface of the sample, respectively. The applied load, F, is of 245 N.

Results and discussion

Structure and physical properties

The addition of TiO2 increases the density in agreement with a rule of mixtures (TiO2 and SiO2 have densities of 4.23 and 2.65 g.cm -3 , respectively). Values for Tg obtained from DTA analysis, RFDA and creep measurements are reported in Table 1. Indeed, the transition range can also be estimated from the creep curves, assuming that Tg is the temperature at which log10(η) = 12, and from the high temperature elasticity curves, where the transition range is taken as the intersection between the softening regimes associated with the glassy (solid) state and the liquid states (see § 3.2 for details). In the present case, Tg values as obtained by means of these different techniques are in good agreement (Table 1). Values obtained from creep experiments are plotted in Fig. 6. Tg is found to increase linearly with TiO2 molar content.

As the content of TiO2 increases, the color of the glasses changes from white (transparent) to yellowish, and further to orange and brown-red (Fig. 1). The red-shift and the absorbance increase were characterized by UV-visible absorption (Fig. 2). The absence of a 500 nm band and of a blue color indicates that the amount of Ti 3+ , if any, is very small. The Ti 4+ -O 2-charge transfer band is responsible for the yellowish color of these glasses [START_REF] Chavoutier | Effect of TiO2 content on the crystallization and the color of (ZrO2,TiO2)-doped Li2O-Al2O3-SiO2 glasses[END_REF].

The Raman spectrum (Fig. 3) of the titanium free glass exhibits several vibrational bands including a broad one at 553 cm -1 . It also exhibits a weak band at 770 cm -1 that is attributed to the motion of Si atoms against their oxygen cage [START_REF] Mcmillan | A Raman spectroscopic study of glasses in the system CaO-MgO-SiO2[END_REF] and two peaks at 939 and 1080 cm -1 . These latter peaks are attributed to the Q 2 and Q 3 Si based tetrahedral units (where n in Q n is the number of bridging oxygens per SiO4 tetrahedron) respectively [START_REF] Mysen | Curve-fitting of Raman spectra of silicate glasses[END_REF]. The presently studied glasses have their composition relatively close to the one of the fresnoite crystalline phase (Ba2TiSi2O8) and there are A c c e p t e d m a n u s c r i p t thus clear similarities between our Raman spectra and those reported by the former authors [START_REF] Markgraf | Raman study of fresnoite-type materials: Polarized single crystal, crystalline powders, and glasses[END_REF][START_REF] Stassen | The barium titano-disilicate BaTiSi2O7: a structural investigation by vibrational spectroscopy and X-ray powder diffraction[END_REF][START_REF] Henderson | The structure of Ti-silicate glasses by micro-Raman spectroscopy[END_REF]. The bands between 280 cm -1 and 360 cm -1 can be interpreted as the translations and bending modes of TiO5 and Si2O7 groups [START_REF] Kim | Optical Properties and Structure of BaO-TiO2-SiO2 Glass Ceramics[END_REF]. Indeed, these bands are not observed in barium glasses [START_REF] Henderson | The structure of Ti-silicate glasses by micro-Raman spectroscopy[END_REF].The Raman spectra of fresnoite-like glasses show a very intense peak at around 860 cm -1 , corresponding to the stretching mode of Ti-O within TiO5 groups, and indicating a very short distance of Ti-O bonds [START_REF] Blasse | Fresnoite (Ba2TiSi2O8): A luminescent compound[END_REF]. In this configuration, the apical oxygen is strongly bonded to titanium (forming what can be considered as a double Ti=O bond), and is practically not bonded to the other cations of the structure [START_REF] Stassen | The barium titano-disilicate BaTiSi2O7: a structural investigation by vibrational spectroscopy and X-ray powder diffraction[END_REF]. This large band is also assimilated to the stretching vibration of Ti-O* (where O* stands for NBO) bonds [START_REF] Markgraf | Raman study of fresnoite-type materials: Polarized single crystal, crystalline powders, and glasses[END_REF]. In the glasses where x > 0, a similar very intense and broad band appears at around 870 cm -1 and seems to be composed of two large peaks. This broad band seems to be shifted to lower frequency as TiO2 is added to the glass, to 863 cm -1 for x = 0.30. The high frequency vibrational bands for rutile and anatase (where Ti is Ti[VI]) are at 613, and 638 cm -1 , whereas for β-Ba2TiO4 (where Ti is Ti[IV]) it is found at 767 cm -1 . For fresnoite, (where Ti is Ti[V]), the main vibrational band is at 867 cm -1 [START_REF] Henderson | The structure of Ti-silicate glasses by micro-Raman spectroscopy[END_REF]. The main band in the present glasses is found at 870 cm -1 , indicating a close similarity with the fresnoite crystal, suggesting that Ti is very likely to be mainly in 5-fold coordination, in agreement with previous investigations [START_REF] Mysen | Curve-fitting of Raman spectra of silicate glasses[END_REF]. When x > 0.15 an intense shoulder appears at around 670 cm -1 . This shoulder could be attributed to the vibration of v(Si-O-Si) mode [START_REF] Henderson | The structure of Ti-silicate glasses by micro-Raman spectroscopy[END_REF]. This band could also result from the formation of 6-fold coordinated Ti [START_REF] Evans | Solid Solution of TiO2 in SiO2[END_REF]. The fact that this band only shows up in glasses with more than 10 mol.% TiO2 would support this latter interpretation. This corresponds to the region in which TiO2-SiO2 glasses become phase separated [START_REF] Evans | Solid Solution of TiO2 in SiO2[END_REF] suggesting that no Ti[VI] is present in the homogeneous glass region. This is an indication that phase separation may occur when x > 0.10. The 1080 cm -1 peak which can be found in all these glasses corresponds to the Q 3 and shifts to lower frequency as x increases, down to 1040 cm -1 for x = 0.30. This shift in frequency is due to the replacement of Si by Ti in the glass network [START_REF] Kim | Optical Properties and Structure of BaO-TiO2-SiO2 Glass Ceramics[END_REF]. This observation indicates a random substitution of Si by Ti within the glass network.

In regard of these structural investigations, considering that Ti is predominantly 5-fold coordinated, and assuming that as in the fresnoite crystalline phase barium is mostly found in the neighborhood of titanium compensating the negative charge of the non-bridging oxygen (one barium can thus bring the electroneutrality to two TiO5 units) then the average number of bridging oxygens per Si-and Ti-based structural units can be written: NBO

= (4[Si]-2([Ba]-[Ti]/2)+4[Ti])/([Si]+[Ti]), so that: NBO = (4[Si]+5[Ti]-2[Ba])/([Si]+[Ti]) (7) 
According to the stoichiometry of these glasses, with x the molar content of titanium oxide:

NBO = (x + 2.2)/0.7 (8) 
Values for NBO range from 3.14 to 3.57 and are indicative of the cross-linking degree (Table 1). These values suggest that the glass network is mainly built on Q 3 units which are expected to be found in a growing number as titania substitutes for silica. According to Raman spectra the Si-based Q 3 units predominate at low TiO2 content, but some fraction of Q 2 units is also present, suggesting some disproportionation (a fraction of Q 3 units is supposed to have been replaced by a combination of Q 2 and Q 4 units). The increase of the amount of Q 3 units with x is consistent with the fact that the number of bridging oxygens per Si-based tetrahedron increases with x (this number is expressed as (2.2-3x)/(0.7-x)). However, the quantification of the Q n silicate species from the Raman spectra is out of reach, inasmuch bands are relatively broad and overlapping. For example, the Q 2 band turns out to be absorbed in the broad and intense band at about 850 cm -1 originating from the Ti environment.

Tg and CTE measurements bring some complementary information. Tg increases with x but the rate of change drops significantly as x becomes larger than say ~0.1-0.15. In parallel, the CTE increases sharply from 8.7 10 -6 K -1 to 13.4 10 -6 K -1 for x up to ~0.1-0.15 and then decreases monotonically to about 9.7 10 -6 K -1 . These tendencies suggest that some important structural change takes place at x ~0.1-0.15, that is when the Ba/Ti ratio approaches the one of the fresnoite crystallized phase (Ba2TiSi2O8), so that fresnoite-like composition domains might form.

Schematic drawings of the atomic network structures in the case of titanium-free and titanium-rich barium silicate glasses are presented in Fig. 4. Ba-rich channels can be tentatively drawn in a network where silicon and titanium are considered as network formers. 

At room temperature

Elastic moduli and Poisson's ratio increase monotonically with the TiO2 content (Fig. 5). The fact that Ti might be in 4, 5-and maybe even in 6-fold coordinated to oxygen makes the ab-initio prediction of the elastic moduli with semi-empirical models such as the one by Makishima et al. [START_REF] Makishima | Direct calculation of Young's modulus of glass[END_REF] quite difficult (the model is found to underestimate the elastic moduli by up to 20%, especially at large TiO2 content, (Fig. 5)). Alternatively, trends in bulk modulus can be assessed by investigating the volume density of energy, simply extending the 1 st Grüneisen rule to oxide mixtures [START_REF] Zwikker | Grüneisen 1 st rule[END_REF]:

K = mnU0/(9V0) ( 9 
)
where U0 is a molar energy, V0 is a molar volume at equilibrium and m and n are the exponents of the power law (Lennard-Jones type) describing respectively the attractive and the repulsive terms of interatomic potential. For a multi-component glass, this volume density of energy can be estimated from both density of the glass and from thermochemistry data for each constituent, respectively:

< U0 >/< V0 > = (∑fi∆Hai)/(∑fiMi/ρglass) ( 10 
)
where ρglass is the density of the glass, and fi, Mi and Hai are the molar fraction, the molar mass, and the dissociation enthalpy of the i th constituent respectively. For the i th constituent written as AxBy, according to an ordinary Born-Haber cycle:

∆Hai = x∆H 0 f(A,g) + y∆H 0 f(B,g) -∆H 0 f(AxBy) (11) 
where ΔH 0 f(A,g) and ΔH 0 f(B,g) are the atomization (sublimation) enthalpies of cations (A) and (B) respectively and ∆H 0 f(AxBy) is the standard enthalpy of formation of AxBy compound. The standard formation enthalpy of a cation is equal to its sublimation enthalpy whereas for an anion gaseous in its standard state, the molar dissociation energy of the gas molecules must be considered. The mean dissociation energy (<U0>) provides an estimation of the overall structural energy content in the material and is mostly found to scale with Tg (Fig. 6). In case where the glass density is unknown, Eq. ( 10) can be replaced by the following one, which allows for a fully ab-initio calculation:

<U0>/<V0> = ∑fi∆Hai/(∑fiMi/ρi) ( 12 
)
where i is the density of the i th starting constituent (added oxide).

The estimated volume density of energy as calculated by means of Eqs. [START_REF] Masai | Structure and non-linear optical properties of BaO-TiO2-SiO2 glass containing Ba2TiSiO8 crystal[END_REF][START_REF] Roebben | Impulse excitation apparatus to measure resonant frequencies, elastic moduli, and internal friction at room and high temperature[END_REF] is shown in Fig. 7. The difference observed between both series of data can be attributed to the fact that the atomic packing density is larger in the glass than in the parent oxides, as seen in Fig. 8. The atomic packing density (Cg) is defined as

Cg = ∑fiVi/[(∑fiMi)/ρglass] ( 13 
)
Where Vi is calculated for a constituent AxBy as:

Vi = 4/3πN(xrA 3 +yrB 3 ) (14) 
Where rA and rB are the ionic radii, taken from [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF].

A c c e p t e d m a n u s c r i p t

Cg is found to increase rapidly with the TiO2 content and this is corroborated by the concomitant increase of Poisson's ratio (Fig. 5). Interestingly in Fig. 7, the experimental values for K are found to increase very significantly with the titanium content, from 46.3 to 70.1 GPa which represents a 51 % increase for 30 mol.% addition of TiO2, whereas at the same time, <U0>/<V0> increases only by 6 % (from 65.1 kJ.cm -3 for the Ti-free glass to 68.9 kJ.cm -3 for the one with 30 mol.% TiO2). It is thus suggested that Ti significantly changes the atomic network structure, beyond what could be anticipated form the energy density or from the characteristics of the constituents. This is especially remarkable since the dissociation energy for TiO2 (≈ 667 kJ.mol -1 ) is smaller than the one for SiO2 (≈ 800 kJ.mol -1 ) [START_REF]Handbook of Chemistry and Physics[END_REF]. This is another evidence for the tightening effect of titanium, in spite of an increase of the glass network cross-linking. At the macroscopic scale, the efficient atomic packing, combined with the existence of relatively weak bonds at barium sites offering a poor resistance to shear, leads to relatively large values for  (0.271 to 0.282) in comparison to amorphous silica (0.17) and soda-lime-silica glasses (0.24), despite a remarkably large crosslinking degree.

Temperature dependence of the elastic moduli

The temperature dependence of the elastic moduli below Tg is illustrated in the case of the shear modulus () in Fig. 10. Note that the actual dimensions of the sample at a given temperature were taken into account in the calculation of from Eq. ( 5) using the CTE as obtained by TMA (table 1). In order to comply with the 2 nd principle of thermodynamics the differentiation of  with respect to T should tend toward zero on approaching 0 K. A good description of our data was obtained by means of the model proposed by Wachtman [START_REF] Wachtman | Exponential Temperature Dependence of Young's Modulus for Several Oxide[END_REF]:

µ = µ0K -BTexp(-T0/T) ( 15 
)
where µ0K is the shear modulus on approaching 0 K and B and T0 are constants.

At higher temperature (T > Tg) an asymptotic approach to the temperature axis is expected as the resistance a liquid opposes to shear becomes smaller and smaller (dµ/dT and µ tend toward 0 as T increases). The temperature dependence of the shear modulus in the liquid range can be nicely modeled by means of a power law equation [START_REF] Rouxel | Thermodynamics of viscous flow and elasticity of glass forming liquids in the glass transition range[END_REF]. µ = µTg(Tg/T) α [START_REF] Webber | Measurement of the viscosity of chalcogenide glasses by a parallel plate technique[END_REF] where µTg is the shear modulus at the glass transition temperature as derived by intersecting both expressions corresponding to the glassy (Eq. 15) and liquid ranges (Eq. 16) and α is a constant which expresses the softening rate and turns out to be correlated to the liquid fragility index "m", as discussed below (See § 3.3). An example of the curve fitting with Eq. 15 and Eq. 16 is given in Fig. 10. The temperature sensitivity of the studied materials is found to increase with the TiO2 content, both in the sub-and in the above-Tg ranges, as shown by the increases of B and α in Eqs. [START_REF] Fontana | A versatile parallel-plate viscometer for glass viscosity measurements to 1000 degrees C[END_REF][START_REF] Webber | Measurement of the viscosity of chalcogenide glasses by a parallel plate technique[END_REF] (Table 2). This result is in agreement with the fact that Poisson's ratio increases with x at room temperature (Fig. 5), which reflects the ease for shear relative to volume change as titanium enters the glass network. Note that ≈ 0.07 for a-SiO2,  ≈ 0.98 for a standard window soda-lime-silica glass (window glass),  reaches values greater than 2 for precious metals based metallic glasses and is close to 9 for a-Se [START_REF] Rouxel | Thermodynamics of viscous flow and elasticity of glass forming liquids in the glass transition range[END_REF]. In the present case  ranges from 1.6 (x = 0) to 4.6 (x = 0.3). According to these values, the presently studied liquids can be considered as relatively sensitive to temperature changes (short glasses) and classified as "fragile" liquids. The remarkable increase of α with the TiO2 content is quite surprising provided titanium is tightening the network and increases the network connectivity. This suggests that some easy-to-shear regions form (structural scale) which governs the high temperature behavior, possibly resembling the barium-rich layers present in the fresnoite structure, as sandwiched between (Ti,Si)-rich regions.

Viscosity

A c c e p t e d m a n u s c r i p t

Creep experiments were conducted in compression under a constant load corresponding to an initial stress of 10 MPa for temperatures between 0.9 and 1.2Tg. Because of the large deformation (exceeding 10%) observed as T approaches 1.2Tg, the true strain was calculated according to

ε = ∫ (1/h)dh h h 0 = ln(h/h 0 ) (17) 
and the true strain rate ε̇ at a specific temperature is expressed as ε̇= h ̇/h. The creep deformation exhibits a transient primary creep stage during which the strain-rate keeps decreasing. The lower the temperature is the longer this transient stage lasts. The viscosity coefficient η is derived from the stationary creep (constant strain rate ε) observed once time length is much larger than the time constant τ associated with this primary stage. A typical creep curve is illustrated in Fig. 11. The addition of titanium greatly increases the viscosity of the glass (Fig. 12), especially in the lower temperature range, where the addition of 30 mol.% TiO2 results in an increase of  by three orders of magnitude. Tg is taken as the temperature for a viscosity of 10 12 Pa.s and is mostly within 20 K from Tg as determined from DTA measurements (Table 1).

According to an Arrhenius-type viscosity law, the slope of the tangent line at Tg on the ln () vs 1/T curve (Fig. 14), allows for the estimation of the activation enthalpy for viscous flow, or heat for flow, (ΔHa) at Tg :

∆Ha = R∂ln(η)/∂(1/T) (18) 
The free activation enthalpy of the flow process can be further derived, assuming that the energy barrier for the viscous flow is essentially elastic in nature (which is a common assumption in the field of "plasticity" and is well accepted in creep science) and thus correlates with the rate at which elastic moduli (and especially ) change with temperature (see [START_REF] Rouxel | Thermodynamics of viscous flow and elasticity of glass forming liquids in the glass transition range[END_REF] for details):

∆Ga = ∆Ha/(1 -χ) (19) 
where χ can be calculated following the equation:

χ = (T/µ)∂µ/∂T (20) 
So that:

χ = -αµTg/µ(Tg/T) α (21) 
Taking advantage of the high temperature elasticity results obtained on the presently studied glasses (parameter ), the shear viscosity coefficient is then expressed as [START_REF] Rouxel | Thermodynamics of viscous flow and elasticity of glass forming liquids in the glass transition range[END_REF]:

η = η0exp(∆Ga(Tg)(Tg/T) α /[RT]) (22) 
The fragility index (Angell [START_REF] Angell | Relaxation in liquids, polymers and plastic crystalsstrong/fragile patterns and problems[END_REF]) is given by:

m = ∂log10(η)/ ∂(Tg/T) (23) 
Values for ΔHa, ΔGa and m are reported in Table 2, together with the parameters used to describe the high temperature elastic properties. Values obtained for α are relatively high (1 < α < 5) in comparison to those reported for other inorganic liquids, thus suggesting a rapid degradation of the network cross-linking above Tg and a low connectivity between structural units especially at large TiO2 content. This observation from high temperature elasticity data is corroborated by the fragility index estimated from the creep behavior (Fig. 14). In the present case, m ranges from 43.6 (x = 0) to 65.9 (x = 0.3). These values are relatively high, approaching those for typical fragile liquids like glycerol, chalcogenide, or fluoride, especially at large titanium content. Again, this increase in fragility A c c e p t e d m a n u s c r i p t with the TiO2 content suggests that titanium favors the formation of easy paths for sliding (between more resistant "islands"), in spite of an increase of the overall stiffness and atomic packing efficiency. The structure of the fresnoite crystal [START_REF] Moore | The crystal structure of fresnoite, Ba2(TiO)Si2O7[END_REF] is based on TiO5 tetragonal pyramids occupying the corners and the base center of the primitive tetragonal cell. The basal oxygen atoms of these pyramids are shared by Si tetrahedra which form Si2O7 groups. In such a structure, Si2O7 and TiO5 groups are forming rings parallel to the (001) plane and are separated by barium atoms forming Ba-O bonds. The studied glasses have compositions close to the fresnoite (Ba2TiSi2O8) stoichiometry and, in analogy to the fresnoite structure, it is likely that (Ti,Si) rich "islands" form with TiO5 groups and SiO4 tetrahedral units, separated by BaO-rich channels. These islands are strongly packed and polymerized and would be the source for the large elastic moduli, while the barium-rich channels would tend to weaken the resistance to viscous flow by acting as a lubricant between these "islands". In-depth structural investigations (medium range order) are needed to go further on interpretation and to clarify the viscous flow mechanisms.

Conclusion

Transparent glasses along the 0.3BaO-xTiO2-(0.7-x)SiO2 composition line were synthesized by meltquenching. Structural investigations suggest that as Ti substitutes for Si in the glass network, the number of bridging oxygen per network former (Si, Ti) increases. Ti is mostly 5-fold coordinated, although some Ti(VI) may be present. TiO5 groups support one apical oxygen with a very short Ti-O bond, and barium atoms concentrate in the neighborhood of these Ti-based units, to compensate the charge of the non-bridging oxygen atoms.

Elastic properties and creep behavior were investigated for temperature between 293 K and 1.2Tg as a function of x (for x between 0 and 0.3). The specific mass, the atomic packing density, the glass transition temperature, and the elastic moduli increase with the titanium content. However, this enhancement of the properties with titanium is accompanied by a greater sensitivity of the elastic moduli and of the shear viscosity coefficient with temperature: the softening rate () and the fragility (m) increase markedly with the TiO2 content.

In analogy to the fresnoite crystal structure, it is suggested that (Ti,Si)-rich "islands" form in the glass with TiO5 groups and SiO4 units, and Ba-rich channels in-between. These highly cross-linked islands associated with a remarkable overall atomic packing density would explain the relatively high stiffness of these glasses. Ba-rich channels are supposed to provide -in the presence of titanium -easy paths for shearing and sliding and to be thus responsible for a large Poisson's ratio, a rapid softening with temperature, and a fragile-like liquid behavior. 12) and from the density of the glass Eq. ( 10) versus the bulk modulus obtained via USE. Fig. 10. µ/µ0K versus T/Tg for 0.3BaO-0.7SiO2, fitting using Eq. ( 15) for T < Tg (dashed line) and Eq. ( 16) for T > Tg (dotted line). 

  A c c e p t e d m a n u s c r i p t 3.2. Elasticity

A c c e p t e d m a n u s c r i p tFig. 1 .

 1 Fig. 1. Comparison of color and transparency of the different glasses, from left to right x = 0; 0.05; 0.10; 0.15; 0.25; 0.30 (25 mm diameter and 2 mm thick disks).

Fig. 2 .

 2 Fig. 2. Absorption spectra for different values of x = [TiO2].

Fig. 3 .Fig. 4 .Fig. 5 .Fig. 6 .Fig. 7 .

 34567 Fig. 3. Raman spectrum for different values of x = [TiO2].

FromFig. 8 .

 8 Fig.8. Atomic packing density calculated from the density of the glass Eq. (13) and the density of the starting powders as a function of TiO2 molar content.

Fig. 9 .

 9 Fig. 9. µ/µTg with temperature, obtained with RFDA measurements for all glasses.

Fig. 11 .

 11 Fig.11. Compressive creep experiment at 0.98Tg under a 10 MPa load for the 0.3BaO-0.2TiO2-0.5SiO2 glass composition. The true strain (black) is the sum of the anelastic (or delayed elastic) (blue) and the stationary (viscous) (red) contributions.

Fig. 12 .Fig. 13 .

 1213 Fig. 12. Shear viscosity coefficient as a function of temperature. Lines show the modeling by means of Eq. (22).

Fig. 14 .

 14 Fig.[START_REF]ASTM international, Standard Test Method for Dynamic Young's Modulus, Shear Modulus, and Poisson's Ration by Impulse Excitation of Vibration[END_REF]. Fragility index, m, calculated by means of Eq. (23) as a function of the elastic softening index, α, calculated from Eq. (16) (numbers in brackets indicate the TiO2 content, in mol.%).

Table 1 .

 1 Physical and thermal properties of the studied BTS glasses. Cg, NBO and CTE stand for atomic packing density, number of bridging oxygen atoms per (S,Ti)-based structural entities, and CTE (500-800 K).

	TiO2 (Mol.)	Density (ρ) (g.cm -3 )	Cg	NBO	CTE (10 -5 .K -1 )	TgDTA (K)	Tgη (K)	TgRFDA (K) E (GPa)	µ (GPa)	K (GPa)	ν
	Error	± 0.0024			± 0.0756	± 4.23	± 2.74	± 6.30	± 0.026 ± 0.023 ± 0.044 ± 0.00201
	0%	3.60	0.562 3.14	0.87	971	976	978	64.7	25.5	46.3	0.271
	5%	3.66	0.572 3.15	1.23	982	990	998	67.2	26.4	49.2	0.274
	10%	3.75	0.585 3.29	1.34	1008	1002	1012	74.9	29.4	55.7	0.276
	15%	3.83	0.598 3.36	1.22	1009	1013	1016	78.6	30.6	60.9	0.278
	20%	3.90	0.608 3.43	1.06	1012	1021	1024	81.4	31.7	62.9	0.280
	25%	3.93	0.614 3.50	0.97	1016	1024	1027	88.3	34.7	64.9	0.281
	30%	4.02	0.627 3.57	0.97	1023	1032	1031	91.3	35.6	70.1	0.282

Table 2 .

 2 High temperature data.

	High temperature elasticity
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