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The Fracture Toughness of Inorganic Glasses

Measuring the fracture toughness (K Ic ) of glasses still remains a difficult task, raising experimental and theoretical problems as well. The available methods to estimate K Ic are reviewed, with emphasis on their respective advantages and drawbacks. In view of our current understanding, this analysis gives precedence to the SEPB method. The ultimate glass strength, the critical flaw size, and the indentation load for the onset of crack initiation are discussed, in the light of the fundamentals of fracture mechanics and classical background regarding the mechanics of brittle materials.

Analytical expressions were further proposed to predict the fracture energy and fracture toughness of glasses from different chemical systems from their nominal compositions. The theoretical values were compared with the experimental ones, as obtained by self-consistent methods when available.

I. Introduction

Fracture toughness defines the resistance of a material to the extension of a pre-existing flaw (crack). The opening mode being the most critical for brittle materials it is mostly referred to as K Ic , i.e. the critical value of the stress intensity factor for a crack opening normal to its mean propagating plane (mode I). It is an important material characteristics allowing for the estimation of the flaw size from the actual resistance or conversely for the estimation of the practical fracture stress knowing the critical flaw characteristics (size, shape, orientation, and location). A value smaller than 2 MPa.√m is an indication of brittleness and is common for ionocovalent glasses (oxides, chalcogenides, oxycarbonitride). Nevertheless, a glance at Fig. 1 reveals that a wide range of values were reported for glasses, from about 0.1 to over 20, depending on the chemical system, and on the composition within a given system as well. Although some correlation were seen between K Ic and Poisson's ratio () when some peculiar class of glass is under scrutiny, there is no one to one trend. Interestingly the softer isn't always the tougher: there are very brittle glasses exhibiting a remarkably low hardness, such as chalcogenide glasses, and vice-versa hard glasses, such as silicon oxynitride ones, being also relatively tough. An even larger spectrum is achieved by playing on the nano-micro-structural features by phase separation or crystallization treatments to meet glass-ceramic materials. It is noteworthy in this latter case that a toughness improvement is not always observed because of the development of residual stresses upon cooling from the heat-treatment temperature, which is of paramount importance to understand the behavior of the final product.
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The way to assess brittleness in a quantitative manner is still a matter of controversy and debates.

On the one side, inherent brittleness is a very unfavorable situation to implement suitable experimental methods and to machine specimens for fracture toughness determination. On the other side, the critical load (P c ) for the initiation of damage (cracks, chips) at the surface under sharp contact loading (indentation, scratching, etc.) is at least as important as fracture toughness. As long as the problem of mechanical surface damage (impact, indentation, scratches) and the consequences on the sructural integrity and on the optical properties are considered, the relevance of K Ic as a key parameter is questionable. Indeed, P c as well as the geometrical characteristics of the microcracking pattern, which depends on the way the glass deforms under contact loading seem equally essential. A brittleness parameter (B=H/K Ic , where H is hardness) was introduced about four decades ago to describe the sensitivity to indentation cracking by comparing the indentation size with the resulting crack length [START_REF] Lawn | Hardness, Toughness and Brittleness: An Indentation Analysis[END_REF] . Nevertheless, as we will show in this paper, correlation between P c , K Ic , and other materials characteristics such as hardness and elastic moduli still remain to be established. A major problem so far lies in the insufficient understanding of the underlying physics, especially for the inelastic deformation processes, which are responsible for the formation of imprints and scratches.

Progress in this area is discussed in this article.

Another issue with fracture toughness, which was already recognized more than a century ago 2 and drove much attention since the 1950', is the environmental effects, and more specifically the effect of humidity. Water in the ambience not only enhances crack extension but also affects crack tips and surface flaws in different ways depending on the composition, and can be either detrimental or advantageous. For instance water penetrating the surface of amorphous silica induces compressive internal stresses that decrease the surface flaw sensitivity. The environmental effects were widely documented and review papers were recently published on this subject [START_REF] Freiman | Environmentally Enhanced Fracture of Glass: A Historical Perspective[END_REF] . Such effects are thus not further discussed in the present paper. Besides, the domain of surface treatments (thermal and chemical tempering, grinding and polishing, coatings etc.), which are known to significantly affect the crack resistance, and became a very important field of activity both in academic institutions and in the glass industry, is going far beyond the scope of the present analysis and is not considered here.
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II. Experimental methods for the determination of fracture toughness of glass

The critical stress intensity factor in the crack opening mode (K Ic ), refereed to as fracture toughness is mostly determined by means of the following expression [START_REF] Irwin | Analysis of stresses and strains near the end of a crack traversing a plate[END_REF] .

(1) (: proportional) where  r is the actual fracture stress of a sample with a pre-existing flaw of length a (critical crack size). The proportionality constant in Eq. ( 1) varies with loading configuration and with the specimen and crack geometries.

There are numerous methods to evaluate fracture toughness and the crack extension behavior, among which only a few were popularized or adapted to glass by glass scientists. Table 1 summarizes some of these methods . Indentation-based methods (IF for Indentation Fracture), based on the length of cracks propagating from an indent, or on the critical load to extend a sharp surface flaw, are by far the most common, but needs to be calibrated. Then some self-consistent methods, which are based on the determination of the peak load at fracture of a specimen with a controlled flaw (precrack or notch), include the controlled surface flaw (CSF), the single-edge notch beam (SENB), the single-edge precrack beam (SEPB), and the chevron notch beam (CN) methods. In the latter cases, stable crack extension might be observed provided the specimen geometry is carefully designed and the testing machine (including the set-up) compliance is small enough. In such circumstance, K Ic can be determined either from the peak load and the corresponding crack length (from Eq. ( 1)) or from the mechanical energy dissipated for the complete stable fracture process, namely the work of fracture (WOF = where u f is the specimen displacement at complete fracture, P the applied
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load, S the overall newly created surface area, and  the fracture surface energy). The stressenergy similarity principle provides the following expression for K Ic :

(

) 2 
where E is Young's modulus.

It is noteworthy that as temperature is increased, or as the glass transition temperature (T g ) is decreased, or as the interatomic bonding becomes weaker (from ionocovalent to metallic for instance), the stress-strain curve shows some departure from linearity and the validity of the fracture toughness test is questioned. This happens for example in chalcogen-rich chalcogenide glasses as T g get closer to room temperature, or as glass specimen are heated close to T g , so that some visco-elastoplastic behavior is observed, which ultimately results in the brittle-to-ductile transition. In the case of metallic glasses, some plastic zone where shear bands were observed may develop at the crack tip and the toughness test needs to be validated and mostly requires a fatigue pre-crack to avoid extensive plasticity (and extensive blunting) ahead of the notch radius.

Among the various methods, indentation-based ones (IF) have been widely used in determining the fracture toughness of brittle materials. This is primarily because of the ease for the specimen preparation, and further for crack nucleation from a sharp indenter. However, the use of IF methods calls for caution, not only because of the complexity of the microcracking pattern, but also because of the significant contribution of densification and pile-up to the formation of the imprint [START_REF] Peter | Densification and flow phenomena of glass in indentation experiments[END_REF][START_REF] Arora | Indentation deformation/Fracture of normal and anomalous glasses[END_REF][START_REF] Rouxel | Indentation deformation mechanism in glass: Densification versus shear flow[END_REF] . The occurrence of densification already drove Arora et al. [START_REF] Peter | Densification and flow phenomena of glass in indentation experiments[END_REF] to differentiate between anomalous glasses and normal ones, in view of their indentation-cracking behavior. Chiefly four-fold coordinated glasses (silica-rich glass for example) were found to experience densification and to exhibit cone cracking (anomalous behavior) beneath a Vickers indenter. The following statement was made five years ago by Lawn et al. [START_REF] Lawn | Probing material properties with sharp indenters: a retrospective[END_REF] in a review paper on sharp indenter probing of materials: « Some materials… may undergo densification by compaction or phase transformation from the intense hydrostatic compressive stresses within the immediate contact zone….In such instances the volume of the
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indentation is more readily accommodated within the compaction zone, diminishing the intensity of any residual stresses. Expanding cavity models are then no longer valid ». High pressure investigations conducted in the past fifteen years on series of glasses from different chemical systems, either by isostatic loading or by sharp contact loading, uniformly concluded to densification mostly contributing to over 40 % of the indentation deformation [START_REF] Rouxel | Indentation deformation mechanism in glass: Densification versus shear flow[END_REF][START_REF] Yoshida | Quantitative evaluation of indentation-induced densification in glass[END_REF][START_REF] Sellappan | Composition dependence of indentation deformation and indentation cracking in glass[END_REF][START_REF] Rouxel | Driving force for indentation cracking in glass: composition, pressure and temperature dependence[END_REF][START_REF] Scannell | Interaction between deformation and crack initiation under Vickers indentation in Na 2 O-TiO 2 -SiO 2 glasses[END_REF][START_REF] Barlet | Hardness and toughness of sodium borosilicate glasses[END_REF][START_REF] Januchta | Structural origin of high crack resistance in sodium aluminoborate glasses[END_REF][START_REF] Hermansen | Densification and plastic deformation under microindentation in silicate glasses and the relation to hardness and crack resistance[END_REF][START_REF] Limbach | Plasticity, crack initiation and defect resistance in alkali-borosilicate glasses: from normal to anomalous behavior[END_REF] ! The indentation cracking behavior is clearly very sensitive to the extents to which densification and pile-up develop [START_REF] Sellappan | Composition dependence of indentation deformation and indentation cracking in glass[END_REF][START_REF] Rouxel | Driving force for indentation cracking in glass: composition, pressure and temperature dependence[END_REF][START_REF] Scannell | Interaction between deformation and crack initiation under Vickers indentation in Na 2 O-TiO 2 -SiO 2 glasses[END_REF][START_REF] Barlet | Hardness and toughness of sodium borosilicate glasses[END_REF][START_REF] Januchta | Structural origin of high crack resistance in sodium aluminoborate glasses[END_REF][START_REF] Hermansen | Densification and plastic deformation under microindentation in silicate glasses and the relation to hardness and crack resistance[END_REF][START_REF] Limbach | Plasticity, crack initiation and defect resistance in alkali-borosilicate glasses: from normal to anomalous behavior[END_REF] ! Interestingly, Poisson's ratio () shows up as an index allowing for a simple (but rather rough) discrimination between densification and shear flow [START_REF] Sellappan | Composition dependence of indentation deformation and indentation cracking in glass[END_REF][START_REF] Rouxel | Driving force for indentation cracking in glass: composition, pressure and temperature dependence[END_REF] . At low , densification prevails and ring/cone hertzian-like cracking is observed (a-SiO 2 and SiO 2 -rich glasses, borosilicate glasses), so that radial cracks are very limited and indentation cracking methods result in K c values being overestimated. At large  shear (pile-up) is favored and radial as well as lateral cracking occur, unless ductility and toughness prevent from extensive cracking, as for Zr-based metallic glasses (Fig. 2). The volume of the affected zone might be very different for glasses having similar hardness and Young's modulus depending on their respective abilities for densification and shear flow. Therefore one can easily understand that K c values determined by the IF test may be very different from those measured by self-consistent methods [START_REF] Vullo | Comparative study of micro-indentation and Chevron notch fracture toughness measurements of silicate and phosphate glasses[END_REF] . Typical examples of situations where the indentation cracking behavior would lead to greatly overestimate K c are shown in Fig. 3 [START_REF] Moysan | Mechanical properties of a polysiloxane-derived SiOC glass[END_REF][START_REF] Sehgal | Brittleness of glass[END_REF][START_REF] Rosales-Sosa | Crack-resistant Al 2 O 3 -SiO 2 glasses[END_REF] . Glasses displayed in Fig. 3 can be viewed as resistant to indentation cracking, but this does not necessarily entail a large toughness! An attempt to account for the elastic recovery and the pile-up of matter by Feng 53 gave agreement between experiments and FEM modelling in the case of perfect elasto-plastic materials (i.e. not for glass!). A classical plastic yield criterion sounds inappropriate in view of the physics of densification, which is a kinematically bounded process and implies strain-hardening, as well as concomitant changes of the elastic moduli.

Besides, none of the equations associated with the estimation of K c from IF method (and there are over 19 of such equations [START_REF] Ponton | Vickers indentation fracture toughness test Part 1 Review of literature and formulation of standardized indentation toughness equations[END_REF] ) yields a value close within 5% to those obtained by standardized methods that are recognized as self-consistent, regardless of the glass composition. A comparative study of IF with other methods such as SEPB, CN and CSF yields the same conclusion considering ceramics with controlled microstructures [START_REF] Quinn | On the Vickers fracture toughness test[END_REF][START_REF] Miyazaki | Comparaison of fracture resistance as measured by the indentation fracture toughness determined by the single-edge-precracked beam technique using silicon nitrides with different microstructures[END_REF] . The recently obtained data regarding densification and shear-flow
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phenomena in glasses are very encouraging and open new realms of possibilities for the search of sensible fracture toughness expressions dedicated to this class of materials [START_REF] Yoshida | Quantitative evaluation of indentation-induced densification in glass[END_REF][START_REF] Rouxel | Driving force for indentation cracking in glass: composition, pressure and temperature dependence[END_REF] for a classical window glass (soda-lime-silica system) which was often included in the series of materials used to calibrate the method.

On the one hand, IF, CSF, and IS methods are simple evaluation methods for K Ic , but remain essentially empirical and inaccurate. On the other hand, SEPB and CN methods are based on welldefined crack geometries and benefit from self-consistent expression for the stress intensity factors.

In the SEPB test [START_REF] Jis R | Testing Methods for Fracture Toughness of High Performance Ceramics[END_REF][START_REF] Astm C | -99 Standard Test Methods for the Determination of Fracture Toughness of Advanced Ceramics at Ambient Temperature[END_REF][START_REF]Fine Ceramics (Advanced Ceramics, Advanced Technical Ceramics) -Test Method for Fracture Toughness at Room Temperature by Single Edge Precracked beam (SEPB) Method, International Organization for Standards[END_REF][START_REF] Nose | Evaluation of fracture toughness for ceramic materials by a single-edgeprecracked-beam method[END_REF] , a popped-in pre-crack is prepared on the single edge of the specimen, so that the tip radius of the popped-in crack is atomically sharp, and problems of the crack-tip roundness or notch width are solved. Some specifications regarding the bridge indentation need to be accounted for though. The SEPB method uses the bridge indentation to pop-in a sharp pre-crack from a notch slit or from an alignment of several indentations with radial cracks. The bridge indentation setup consists of two parallel and well-polished bridge anvils. An indented or notched specimen is sandwiched between the anvils and loaded in compression until a pre-crack pops in (acoustic emission can be used to monitor the event and to control the machine actuator). Other techniques to produce the sharp pre-crack were also reported in previous papers [START_REF] Marshall | Enhanced fracture toughness in layered microcomposites of Ce-ZrO 2 and Al 2 O 3[END_REF][START_REF] Sglavo | Sandwiched-beam procedure for precracking brittle materials[END_REF][START_REF] Trentini | Comparison of the sandwiched beam (SB) and opposite roller loading (ORL) techniques for the pre-cracking of brittle materials[END_REF] . K Ic is then calculated from the pre-crack depth, and from the load at fracture of the pre-cracked beam during a three-or four-point bending test.

Although operator skill and experience are required, the crack-tip obtained in the SEPB method is ideal for determination of K Ic , so that the SEPB method is hence recommended to measure a glass toughness.
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The CN method [START_REF] Astm C | -99 Standard Test Methods for the Determination of Fracture Toughness of Advanced Ceramics at Ambient Temperature[END_REF]18,[START_REF]ISO 24370 Fine ceramics (Advanced ceramics, Advanced Technical Ceramics) -Test method for (CNB) method[END_REF][START_REF] Munz | Fracture toughness determination of Al 2 O 3 using four-point-bend specimens with straight-through and chevron notches[END_REF] is an alternate suitable self-consistent technique. The chevron(triangular) notch is machined not only in the four-or three-point bend specimen but in the short bar or rod. Since the CN specimen makes it possible for a crack to propagate stably, the short bar or rod specimen is used for determination of fracture surface energy from the load vs displacement curve during stable fracture. The fracture origin of the CN specimen is always located at the tip of chevron. Fracture toughness can be calculated from the maximum load, corresponding to a critical crack extension and thus to a sharp crack tip, and from the sample geometries without measuring the crack length.

III. What we know about the ultimate glass strength and the actual weakness of glass? a) The ultimate glass strength

The ultimate glass strength, or the intrinsic glass strength, can be estimated from the failure strength or strain at fracture of pristine (supposedly flaw-free) fibers in inert condition. The intrinsic failure characteristics are then derived by making some assumptions regarding the constitutive law for the non-linear elastic behavior, especially at such a high stress level. In the previous review papers, Kurkjian et al. [START_REF] Kurkjian | The intrinsic strength and fatigue of oxide glasses[END_REF]61 explain that the intrinsic strength should include effects of intrinsic features such as defects frozen-in structural inhomogeneity, but not the effects of extrinsic contact damage. Therefore, it is considered that the intrinsic glass strength is a function of temperature, fictive temperature, strain rate, and glass composition. Since the practical glass strength is in general controlled by the extrinsic flaws and/or by slow crack growth, it is very difficult to evaluate the effects of the glass composition
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on strength (See the Mould plot. [START_REF] Mould | The strength of inorganic glasses[END_REF] Fig. 4). In the Mould plot, log is plotted against log a according to Eq. (1). From this equation, it is found that fracture toughness of glass shifts the position of the Mould's plot up or down. As shown in Table 2, however, the compositional variation of fracture toughness is much smaller than the variation of glass strength with flaw depth. In order to evaluate the effect of composition on glass strength, one should obtain the strength of glass containing only inherent flaws. In fact, Brambilla and Payne [START_REF] Brambilla | The ultimate strength of glass silica nanowires[END_REF] reported that silica nanowire manufactured by "modified flame brushing technique" exhibits considerably high tensile strength, ~ 26 GPa which is close to the theoretical limit of silica strength as estimated from Young's modulus, the mean interatomic distance, and the surface energy.

The exceptionally high strength of fibers free from extrinsic flaws requires the use of a twopoint bending loading set-up. This method is advantaged by the absence of fiber gripping devices, and can easily be used in inert condition (liquid nitrogen). One disadvantage though lies in the difficulty of determination of the failure stress, since the strain is the sole experimentally available parameter.

Besides, the intrinsic fracture stress is associated to unusually large strain, over 0.1. In this range, the consititutive law is no longer linear. Nevertheless, some attempts have been reported to obtain the precise values of the intrinsic failure stress from the two-point bending failure strains [START_REF] Gupta | Intrinsic failure and non-linear elastic behavior of glasses[END_REF][START_REF] Guerette | Nonlinear Elasticity of Silica Glass[END_REF] .

The variation of the intrinsic strength with the composition of oxide glasses was investigated with this technique. The failure strain of binary silicate and sodium aluminosilicate glasses was found to increase with an increasing number of non-bridging oxygen atoms (NBO) in glass [START_REF] Lower | Inert failure studies of sodium silicate glass fibers[END_REF][START_REF] Lower | Inert failure strains of sodium aluminosilicate glass fibers[END_REF] . Figure 5 shows a relation between the intrinsic failure strain of binary silicate glasses and NBO concentration [START_REF] Lower | Failure studies of glass fibers[END_REF] .

The authors explained that the presence of NBO appears to allow the glass network to deform more prior to fracture. In addition, it has been also reported that the intrinsic strength of binary sodium silicate glasses scales with their hardness 61 . This observation is interesting, because hardness is a measure of flow under a sharp indenter while fracture occurs under tension. Authors put forward the hypothesis that both failure in tension and flow during indentation are associated with the breakage of Si-O-Si bonds or Si-O-Na bonds in glass. Although there has been long lasting debates about a relation between hardness and strength [START_REF] Ainsworth | The diamond pyramid hardness of glass in relation to the strength and structure of glass[END_REF][START_REF] Bartenev | The strength and some mechanical and thermal characteristics of high-strength glasses[END_REF] , the physics behind still remain to be elucidated. This is
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probably due to the complicated mechanism of permanent deformation in glass at ambient conditions.

The other interesting phenomenon on two-point bending strength of glass fibers is Inert Delayed Failure Effects (IDFE). IDFE means the rate dependence of the intrinsic strength in inert condition. Unlike the normal fatigue behavior of glass in humid condition, the failure strain increases with decreasing the strain rate. Figure 6 shows one example of IDFE for Na 2 O-SiO 2 system [START_REF] Brambilla | The ultimate strength of glass silica nanowires[END_REF] . The authors claim that IDFE is related to silicate network motions associated with non-bridging oxygens (for example, internal friction of NBO). Although the detail mechanism of IDFE is still unclear, such an energy dissipation process as ion motion under high tensile stress may control the ultimate glass strength. Further experimental and modelling works will be highly required in this exciting research field. Actually, recent MD studies of intrinsic nano-ductility in glass may help us understand the ultimate glass strength [START_REF] Lower | Failure studies of glass fibers[END_REF] .

b) Surface flaws, indents and associated residual stresses

As stated in III a), the practical glass strength decreases due to the extrinsic contact damages.

Even after heat treatment of a pristine glass at far below T g , a rather striking decrease of the strength has been reported (See Fig. 4). The effect of the heat treatment appears to be a surface phenomenon.

The original strength is restored after subsequent etching to remove a thin layer of surface away 72 .

Mould [START_REF] Mould | The strength of inorganic glasses[END_REF] described the effect of annealing as a surface phenomenon, and named the surface "flaws" that are enlarged by heat treatment as "structural flaws". However, as Mould himself recognized in his paper, the question of the size of the structural flaws remains open: Even though a size of ~10 -7 m is predicted (Fig. 4), such flaws, which should be detected, were not observed! Hydration due to water diffusion [START_REF] Lezzi | Surface crystallization and water diffusion of silica glass fibers: Causes of mechanical strength degradation[END_REF] is a key phenomenon to understand the strength reduction, but further experimental and modelling works will be required in this scientific area to clarify the relation between surface and mechanical properties in glass.

In principle, the size of the critical surface flaws from which fracture originates can be estimated from the actual glass strength, knowing its fracture toughness (Eq. ( 1)) (Fig. 4). In order to
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get some insight into the stability of natural flaws, the indentation test shows up as very interesting

technique. An indentation leaves a permanent imprint, which is the source for a residual stress field that chiefly arose from the volume strain around the "plastic" or "process" zone. If the stress concentrates at the tip of the natural flaw in glass, the pop-in of crack can be observed. This is called the indentation-induced cracking, and the onset for cracking can be detected by slowly increasing the indentation load and monitoring acoustic emission, or direct in-situ observation. Actually the driving force for the opening of cracks from the indentation corners depends much on the glass composition.

The E/H ratio and Poisson's coefficient were identified as key parameters to estimate the intensity of the relevant stress component [START_REF] Sellappan | Composition dependence of indentation deformation and indentation cracking in glass[END_REF][START_REF] Rouxel | Driving force for indentation cracking in glass: composition, pressure and temperature dependence[END_REF] . This is illustrated in the isocontour map in Fig. 7 for the tangential normal stress   (=/2) (where is the angle around the loading axis, and  the angle to it; =/2 corresponds to the surface). It is noteworthy in Fig. 7 that glasses with large  will develop large residual stresses and are prone to extensive radial cracking. However, bear in mind that a sufficient toughness might impede the formation of cracks, as for example the indentation edges become blunted. This is presumably why ductile metallic glasses exhibit no visible cracking, and to a lesser extent why oxynitride glasses (with K Ic >1 MPa.√m) experience limited cracking, while sulfophosphate and chalcogenide ones suffer from extensive damage. Remark in Fig. 7 that the low brittlness glasses developed by Sehgal et al. [START_REF] Sehgal | Brittleness of glass[END_REF] , with E/H~14.7 and ~0.18 are precisely in the red coloured areas corresponding to the zero-stress contours for  rr (=/2) (and in the compressive side for  rr (=0) and   (=/2)).

Indentation tests with sharp indenters are of great interest to evaluate the resistance of glass to crack initiation, which can also be viewed as a criterion for the resistance toward mechanical surface damage. The critical load (P c ) from crack initiation at the indentation site is not easily measured. First of all, different types of cracks stem from an indentation loading experiment, some of them being hardly detectable either because they are located beneath the surface or because they align with the indentation edge [START_REF] Yoshida | Direct observation of indentation deformation and cracking of silicate glasses[END_REF] . Besides, indents that seem to be optically crack free, turn out to have some microcracks when observed at much smaller scale by AFM or SEM. In addition, some cracks show up
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with some delay, after complete unloading. The critical indentation load corresponding to either the occurrence of cracks from two indentation corners (Vickers test) or to achieve a 50% cracking probability [START_REF] Wada | Crack resistance of glass on Vickers indentation[END_REF] is illustrated in Fig. 8 for several families of glasses, together with the prediction of two popular models developed by Lawn et al. [START_REF] Lawn | Hardness, Toughness and Brittleness: An Indentation Analysis[END_REF] and Hagan [START_REF] Hagan | Micromechanics of crack nucleation during indentations[END_REF] . Although these latter models provide a qualitative description of the observed tendencies in some cases, they don't seem appropriate for a quantitative estimation of P c for glasses with various compositions. P c does mostly not follow a K Ic 4 /H 3 relationship, as was proposed in refs [1,76]. To the best knowledge of the authors, no model is able to provide a reliable prediction of the micro-cracking initiation load in glasses yet. Again, models inherited from an elasto-plastic analysis of the mechanical fields at the indentation site are poorly suited to glasses. Densification and the pile-up of matter by isochoric shear, as discussed in previous papers [START_REF] Sellappan | Composition dependence of indentation deformation and indentation cracking in glass[END_REF][START_REF] Rouxel | Driving force for indentation cracking in glass: composition, pressure and temperature dependence[END_REF][START_REF] Scannell | Interaction between deformation and crack initiation under Vickers indentation in Na 2 O-TiO 2 -SiO 2 glasses[END_REF][START_REF] Kato | Effect of densification on crack initiation under Vickers indentation test[END_REF] , need to be taken into account. The mean crack length over the four corner cracks produced by a 9.81 N load (Vickers test) is shown for sake of comparison for different glass systems in Fig. 9. Of course, direct measurement or determination of the residual stress is of primary importance to evaluate the critical load for indentation cracking. Birefringence technique [START_REF] Yoshida | Elastic and residual stresses around ball indentations on glasses using a micro-photoelastic technique[END_REF] , cathodoluminescence technique [START_REF] Pezzotti | Contribution to spatially and spectrally resolved cathodoluminescence to crack-tip phenomena in silica glass[END_REF] , and modelling [START_REF] Kermouche | Mechanical modeling of indentation-induced densification in amorphous silica[END_REF][START_REF] Keryvin | Constitutive modeling of the densification process in silica glass under hydrostatic compression[END_REF] are on-going works to obtain the residual stress map around the indentation imprint.

IV. Dependence on the glass atomic structure and composition

In order to compare the fracture surface energy and the fracture toughness of glasses from different chemical systems or with different compositions within a given system, it is interesting to reach theoretical expressions for both  and K Ic shedding lights on the particular importance of some structural characteristics such as the atomic binding energy, the atomic packing density, the specific mass, the molar volume etc. A relatively simple approach to predicting  and K Ic in a quantitative manner consists in assuming that a propagating crack extends following a path disrupting the weakest links of the energy landscape and to estimate the surface energy from the bond strength and the bond concentration along this fracture surface. Although this theoretical analysis eludes any relaxation or
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surface reconstruction mechanism on the fracture path, and further ignores the fine structural details of the atomic network, it was found to provide  and K Ic values in agreements with the experimental ones when such values were available [START_REF] Rouxel | Predicting the fracture surface energy and fracture toughness of inorganic glasses[END_REF] . In this approach, the intrinsic (or theoretical) fracture surface energy is obtained from the surface density of representative structural units and from the relevant bond strength. Let  and M o be the glass density (specific mass) and the molar mass of a representative unit (gram-atom of glass), then the volume concentration of the gram-atom is expressed as:

(

where is Avogadro number.

The surface concentration is then (4)

A plausible value for  is obtained by considering the number and the type of bonds involved in the fracture process as the crack proceeds through the considered structural unit. Let x i be the stoichiometric fraction of the species involved in the i th diatomic bonding energy U oi (in J.mol -1 ), between the i th cation and a first neighbor oxygen anion in the case of an oxide glass, and let n i be the number of such bonds supposed to be broken as the crack front propagates to the next unit, then  is expressed as
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(

) 5 
where the ½ prefactor on the right hand side member accounts for the fact that the bond disruption process leads to the formation of two complementary surfaces (a crack has two walls) .

The bond dissociation energy in polyatomic molecules, radicals or structural units is notoriously difficult to measure accurately since the mechanism involved in the measurement is usually not well known. In order to estimate the A-O cation-oxygen bond strength, where both elements participate in a crosslinked glass network, Sun [START_REF] Sun | Fundamental condition of glass formation[END_REF] proposed to consider the dissociation enthalpy D°(A x O y ) of the A x O y compound and to divide this quantity by x and by the coordination number of A to oxygen.

Recall that D°(A x O y ) is simply the sum of the atomization enthalpy (gaseous species) of the atoms 

(x f H(A,g)+y f H(O,g))

Accepted Article

This article is protected by copyright. All rights reserved.

The actual volume occupied by the gram-atom of glass is mostly significantly larger than the sum of the volumes of the individual atoms constituting this unit, as estimated from the ionic radii (i.e.

assuming a particular value for the corresponding valency and coordinence) taken from the literature [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF] , . This is where the atomic packing density comes into play (6) where V o is the molar volume (gram-atom).

Let's further write <U o > the mean bond strength considered in the fracture process, <U o >= , then  can be written (7) This expression emphasizes the independent roles that play C g and <U o >. Eq. (5-7) and K Ic = (2E') 1/2 (E': the plain strain Young's modulus) were applied to 22 glasses with known elasticity and fracture toughness characteristics (table 2) (Fig. 10), including 7 commercial glasses from different glass making companies. The way the calculation is done is discussed case by case for the different chemical systems under scrutiny. These few examples show that an efficient packing (large C g ) might compensate a weak bonding energy and vice-versa, and that a minimum surface energy estimation is in agreement with the experimental values. A simple bond energy approach of fracture toughness was already proposed by previous authors [START_REF] King | Simple bond energy approach for non-destructive measurements of the fracture toughness of brittle materials[END_REF] for brittle materials. In this former study the surface energy for the fracture of crystalline solids was calculated for various crystallographic orientation using the actual lattice constants and the relevant bond dissociation energies. K Ic was then derived accounting

Accepted Article

This article is protected by copyright. All rights reserved.

for the elastic moduli for the crystallographic orientation of concern. The model was extrapolated to simple amorphous materials having the same stoichiometry as the studied crystals assuming that the actual surface energy of the glass scales with its density and is proportional to the one of the crystal, which results in overestimations for  and K Ic of most of the studied glasses [START_REF] King | Simple bond energy approach for non-destructive measurements of the fracture toughness of brittle materials[END_REF] . In the present model, the glass density comes to the power 2/3

   (glass) = (crystal) ( (glass) / (crystal) ) 2/3 (8) 
Recall that an elastic moduli reflects a volume density of energy (a Pa is a J.m -3 ) and that some correlation exists between the bulk modulus K, the overall dissociation enthalpy (<H a dissoc .>) of the glass network [START_REF] Grüneisen | 1 st rule in "Physical Properties of Solid Materials[END_REF][START_REF] Makishima | Calculation of Bulk Modulus, Shear Modulus and Poisson's Ratio of Glass[END_REF][START_REF] Rouxel | Elastic properties and short-to-medium range order in glasses[END_REF] , and the molar volume (V o =M/), then neglecting Poisson's ratio effect, Young's

modulus (E=3(1-2)K) is proportional to the glass density E (<H a dissoc .>/M)    9)
Finally, we obtain

K Ic(glass) /K Ic(crystal) ≈ ( (glass) / (crystal) ) 5/6 (10) 
Validity of Eqs. ( 8) and (10) supposes that crystal and the corresponding glass with the same stoichiometric composition have strong similarities from the energy viewpoint. In a comparative study of the indentation cracking behavior of (Na,Ca,K)-aluminosilicate glasses [START_REF] Rizkalla | Effect of non-bridging oxygens on the fracture toughness of synthesized glasses[END_REF] a correlation was
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proposed between K Ic and the fraction of non-bridging oxygen atoms, since K Ic was found to be continuously increased from 0.92 to 1.22 MPa.√m as the non-bridging oxygen content was decreased from 34.36 to 13.36 %. However, our results using the CN and SEPB methods, do not corroborate such a tendency. Pure a-SiO 2 is characterized by a K Ic value very similar to the one of soda-limesilicate glasses, and the IF method sounds inappropriate for a-SiO 2 and SiO 2 -rich glasses since densification in those glasses (due to a significant free volume content) impedes the formation of the radial/median crack system. In these latter cases, the absence of surface radial cracks extending from the indentation corner cannot be related to a dramatic improvement of K Ic , as discussed in § II.

a) Amorphous silica

Although amorphous silica (a-SiO 2 ) is often considered as a model glass material, it possesses unique -and somewhat anomalous -properties that deserve for an independent paragraph. For further obtained by means of Eq. ( 4). Such a calculation for the surface density was already proposed to estimate the surface density of silicon atoms at the surface of silicon dioxide powder [START_REF] Tuel | A Si 29 NMR study of the silanol population at the surface of derivatized silica[END_REF] and along a crack path of a-SiO 2 samples [START_REF] Souza | Mechanisms for silanol formation on amorphous silica fracture surfaces[END_REF] . The fracture surface energy is then calculated using Eq. ( 5)

considering that one Si-O bond is broken per Si-O 4/2 tetrahedron (n i =1 in Eq. ( 5)) since the crack front is likely to travel to the next unit once a Si-O-Si bridge between two tetrahedra is broken. The one disrupted Si-O bond per tetrahedron hypothesis was previously found to provide a maximum bound for the number of dangling bonds per unit area of fracture surface in amorphous silica [START_REF] Souza | Mechanisms for silanol formation on amorphous silica fracture surfaces[END_REF] . Considering first the D°(A-B) estimation, a value of 799 kJ.mol -1 is reported for the Si-O bond [START_REF]Handbook of Chemistry and Physics[END_REF] , which gives a value of 3.62 J.m -2 for . A theoretical prediction for K Ic is then achieved, taking (E,)=(70 GPa, 0.15). A value of 0.718 MPa.√m is finally reached, which is in agreement with the experimental
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values (0.73) as measured using the DCC method, in inert environment to prevent against moisture effects [START_REF] Wiederhorn | Fracture of glass in vacuum[END_REF] . Then, using the thermochemistry data from ref. [START_REF] West | Silica fracture; Part II A ring opening model via hydrolysis[END_REF] using a semi-empirical molecular orbital calculation that fracture in a-SiO 2 is accompanied by a reconstruction of the fracture surface, according to which large (four-to six-fold) silica rings contract to form smaller rings, with consequently an energy barrier for fracture as small as 38 kJ.mol -1 (which would lead to theoretical  values of less than 1 J.m -2 and K Ic smaller than 0.4 MPa.√m) for an Si-O-Si bridge within a sixfold ring structure. Fracture was thus expected to proceed through the large-membered rings. This reconstruction mechanism was later corroborated by the fact that the number of silanol groups counted on a fracture surface is less than the theoretical number of broken bonds [START_REF] Souza | Mechanisms for silanol formation on amorphous silica fracture surfaces[END_REF] . Nevertheless, the agreement between the theoretical values we have reached in the present study without accounting for any reconstruction process and possible relaxation mechanism at the crack tip, and the experimental ones which were abundantly reported in the past fifty years, and always gave K Ic between 0.7 and 0.9

MPa.√m and  between 3.7 and 4.5 J.m -2 95,97-101 , suggests that the fracture surface energy is strongly correlated to the standard enthalpy change of the Si-O bond dissociation reaction, and to the surface concentration of such bonds. This result gives credit to the analysis of Schultz et al. [START_REF] Schultz | Single crystal cleavage of brittle materials[END_REF] who concluded that fracture is a dynamic process and might therefore not comply with the structural features identified by molecular orbital simulation or post-mortem physio-chemical investigations. They pointed out for instance that charge balance is a necessary condition for cleavage planes in ionic crystals (planes resulting in more positive charge on one side and more negative ones on the other are excluded) and that cleavage planes in crystals were often not following easy slip planes, and couldn't be easily predicted from the characteristics of the crystal structure.

In what follows, for sake of simplicity, and because theoretical results were found to compare well with the experimental ones, we will consider that the crack extends along a lowest energy path within the characteristic energy landscape of the glass atomic network.
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b) SiO 2 -based alkaline and alkaline-earth glasses

As far as the amount of alkaline and alkaline-earth cations is small enough to keep the number of non-bridging oxygen per SiO 4/2 tetrahedron smaller than one in average the calculation is made the same way as for a-SiO or at a velocity large enough to reduce stress corrosion [START_REF] Wiederhorn | Fracture of glass in vacuum[END_REF] . It is noteworthy that the compensation of the smaller energy content by a better packing density is also effective on the elastic moduli (E WG ≈E a- SiO 2 ). Values around 0.69 MPa.√m were calculated for titanium sodium silicate glasses. These values are also close to the experimental ones (0.60 to 0.68) [START_REF] Scannell | Interaction between deformation and crack initiation under Vickers indentation in Na 2 O-TiO 2 -SiO 2 glasses[END_REF] but K Ic tends to be overestimated as the Na 2 O/SiO 2 ratio is increased from 0.116 to 0.263 (Fig. 10(a)). It is suggested that as soon as the overall alkaline and alkaline-earth content exceeds half the silica content, at least one non-bridging oxygen forms per silica tetrahedron so that fracture is supposed to follow these weak bond path. The fracture energy and fracture toughness of a barium titanium silicate with 30 mol% BaO for 60 mol% 
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It is noteworthy that theoretical and experimental values are in agreement in the case of more complicated compositions such as those of the seven commercial glasses [START_REF] Vullo | Comparative study of micro-indentation and Chevron notch fracture toughness measurements of silicate and phosphate glasses[END_REF][START_REF] Reddy | Fracture toughness measurements of glass and ceramic materials using chevron-notched specimens[END_REF] included in the analysis.

In the case of the phosphate-based laser glass, the calculation was also done assuming one bond breakage per phosphor-based structural unit (mostly 3 single bond oxygen links and one double bond with a fourth oxygen) (Fig. 10).

c) B 2 O 3 -based glasses

Amorphous 
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theoretical fracture toughness is about the same as for the lead-and zinc-borates glasses containing 50 mol.% PbO and ZnO respectively, and characterized by much smaller values for  (<1 J.m -2 ), thanks to a much larger elastic moduli, for the Pb-and especially for the Zn-borate glasses than for pure B 2 O 3 glass. Toughness values obtained by indentation cracking method on pure a-B 2 O 3 are about 0.9 MPa.√m 107,108 . This is much larger than the theoretical prediction. Let's recall that borate-rich glasses (say containing more than 20 mol.% B 2 O 3 ) experience significant densification at the Vickers indentation site [START_REF] Barlet | Hardness and toughness of sodium borosilicate glasses[END_REF]111 , and besides that some inelastic shear flow is also likely to occur in a-B 2 O 3 due to the low glass transition temperature of this glass (268 °C) 112 and to the network being built on trigonal boron units. Therefore, the higher experimental values of K Ic are probably related to the remarkable plasticity at the crack-tip in B 2 O 3 -rich glass and/or to less residual stress due to significant densification.

d) Silicon oxynitride glasses

Silicon oxynitride glasses are obtained by conventional melting in argon or nitrogen atmosphere, typically up to 1750 °C, adding some nitride compounds such as AlN and Si 3 N 4 in the powder mixture. Nitrogen is found in the glass network to substitute for oxygen and to form Si-(O,N) 4 tetrahedral units, where nitrogen is mostly connected to three tetrahedra. Since nitrogen is three-fold coordinated whereas oxygen is two-fold coordinated, a signifiacnt improvement of the cross-linking degree is achieved, which results in better mechanical properties in general. For example Young's modulus as high as 150 GPa is typically measured on glasses from the RE-SiAlON system (RE: Y, Nd, Lu etc.) 113 . In such glasses, the mean energy (<U o > in Eq. ( 7)) is calculated considering that one 
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e) Chalcogenide glasses

The so-called "Chalcogenide" glasses are based on a chalcogen element (but oxygen) such as S, Se, Te, to which four fold coordinated elements such as Ge, Si are usually added, as well as pnictogen elements (As, Sb,…) (15 th column of the periodic table ). Although these glasses have the reputation of being extremely brittle, there are very few reports on the fracture properties in general and on fracture toughness in particular. The Ge x Se (1-x) examples considered here were chosen because K Ic as well as 

were measured by means of the CN method [START_REF] Guin | Hardness, toughness and scratchability of Ge-Se chalcogenide glasses[END_REF]117 . In this chemical system, Ge and Se are four fold and two fold coordinated respectively and the numbers of Ge-Se and Se-Se bonds are 4x and (1-x)-2x respectively, provided 1-x>2x, i.e. x<1/3, which is the case for the two compositions reported in table 2 and Fig. 10. A quite satisfactory prediction was then obtained by means of Eq. ( 5) using D°(Ge-Se)

and D°(Se-Se) equal to 484.7 and 330.5 kJ.mol -1 respectively [START_REF]Handbook of Chemistry and Physics[END_REF] . Dissociation enthalpies provides another mean of estimation of the bonding energies. The dissociation enthalpies of amorphous Se and GeSe 2 were taken from the calorimetric study by Boone et al. 118 . Following Sun's approach, bonding energies of 222 and 227.6 kJ.mol -1 were calculated for the Se-Se and Ge-Se bonds respectively, which are in agreement with those published earlier by Shkol'nikov 119 . The theoretical calculation is then performed picturing a Ge x Se (1-x) glass as a mixture of xGeSe 2 and (1-3x)Se amorphous phases, further assuming that only one Ge-Se bond is broken per GeSe 4/2 tetrahedron, similar to the way the theoretical estimation was carried out for silicate glasses regarding SiO 4/2 tetrahedra. The theoretical prediction is then within 15 % of the experimental data (table 2). In addition, the decrease of K Ic with the increase of the germanium content is also predicted. Indeed, a maximum of K Ic was observed for
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the Ge 0.2 Se 0.8 composition by means of the indentation fracture method [START_REF] Guin | Hardness, toughness and scratchability of Ge-Se chalcogenide glasses[END_REF] . This maximum isn't predicted using the present simple energy approach. Recall that K Ic as estimated from the fracture surface energy is related to the crack propagation regime, and thus does not account for the physics of the initiation process. The x=0.2 composition corresponds to the percolation threshold at which a change from a flexible atomic network to a rigid one is supposed to occur in the ideal case where atoms are homogeneously distributed (no chemical segregation such as phase separation etc.).

Although changes are continuous with no visible transition at x=0.2 when bulk properties (elastic moduli, hardness, glass transition temperature) are investigated 120 , on the contrary some transition might be seen when local or confined processes are under scrutiny. A maximum of K Ic was recently observed by molecular dynamic simulation 121 and was attributed to some blunting process at the crack tip upon loading at x around 0.2, whereas the crack is sharp as soon as it extends at x<0.2 (flexible range) and in the stress-rigid range (x>0.2). The situation is even more critical in the case of ductile glasses, for which the apparent values for  and K Ic greatly overestimate the intrinsic values.

f) Metallic glasses

In the case of metallic glasses, the apparent fracture surface energy is much larger than the one obtained from a simple energy calculation based on a bond breaking process. In such materials where some plasticity was evidenced at the crack tip, with a "plastic" zone size extending from 10 nm for Fe-and Mg-based alloys to 10 m for Pd-, Ti-, Cu-based alloys [START_REF] Xi | Fracture of brittle metallic glasses: brittleness or plasticity[END_REF] , K Ic can reach values as high as several tens of MPa.√m [START_REF] Wang | The elastic properties, elastic models and elastic perspectives of metallic glasses[END_REF] . Values between 35 and 110 MPa.√m were reported for Zr-and Cu-based glasses [START_REF] Gilbert | Fracture toughness and fatigue-crack propagation in a Zr-Ti-Ni-Cu-Be bulk metallic glass[END_REF][125][START_REF] Kawashima | Fracture toughness of Zr 55 Al 10 Ni 5 Cu 30 bulk metallic glass by 3-point bending testing[END_REF] , and eventually above 100 MPa.√m for precious metal based alloys [START_REF] Demetriou | A damage-tolerant glass[END_REF] . Nevertheless, in the case of non-transition metal host elements such as Ce, Ca, and Mg that develop more directional bonding through better localized f (for Ce) and sp (Ca, Mg) electrons, are much more brittle. For Cebased and Mg-based 122,127 metallic glasses, K Ic is typically smaller than 10 and 2 MPa.√m respectively. As was pointed out in an overview of the fracture toughness of bulk metallic glasses 128 , the measurement of K Ic of metallic glasses raises serious problems, which partly explain why for a
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nominal glass composition K Ic values are so much scattered. A major difficulty lies in the specimen machining, with a pre-crack or flaw sharp enough to reach the intrinsic material property. Relatively tough glasses (such as Zr-or Cu-based ones) might be suitable to operate a fatigue pre-crack, but others are too brittle. In these latter cases notched samples where mostly used, and owing to the size of the process zone (typically less than few tens of microns), the resulting so-called "notched" toughness values are likely to be much larger than the intrinsic toughness. In addition, it was reported that as the free volume content decreases (after annealing) a significant decrease in toughness follows.

This observation does not seem consistent with the fundamentals of the intrinsic toughness associated to the crack propagation regime, which scales with the surface density of energy on crossing the atomic network. It could possibly be interpreted on the basis of the crack initiation process though. As was further noticed by Xu et al. 128 , the underlying physics, including the relevant length scale, still need to be elucidated. For all these difficulties inherent to metallic glasses, data plotted in Figs 1,9 are limited to fragile metallic glasses such as Fe-or Mg-based ones. For example, for the Zr 55 Cu 30 Al 10 Ni 5 glass, taking the metallic radius for the metallic elements and considering that the relevant bonding energy is between the one of Cu-Cu (U o =201 kJ.mol -1 ) and the one of Zr-Zr (U o =298 kJ.mol -1 ), a values of ~ 0.53 MPa.√m was estimated for K Ic , which is about two orders of magnitude smaller than the experimental value [START_REF] Kawashima | Fracture toughness of Zr 55 Al 10 Ni 5 Cu 30 bulk metallic glass by 3-point bending testing[END_REF] .

g) Chemical heterogeneities and phase separation

It is well known that borate-based glasses tend to be phase separated, and that in chalcogenide glasses some edge-sharing tetrahedral units might form even when the amount of chalcogen atoms isn't favorable, because these latter atoms prefer to form chains (of sulphur, selenium etc.) than intertetrahedral bridges introducing more constraint. There are also various properties and structural results in most glasses which suggest chemical segregation and heterogeneities, among which the mixed alkali effect for example, or the sudden drop of the viscosity as very small amounts of impurities are added to amorphous silica. Authors are aware of these complexities, which definitely
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affect the fracture toughness 107,108,121,[START_REF] Seal | Effect of phase separation on the fracture toughness of SiO 2 -B 2 O 3 -Na 2 O glass[END_REF][START_REF] Mohajerani | Mixed alkali effect on Vickers hardness and cracking[END_REF] . The aim of this section was to provide some straightforward and almost ab-initio picture (the glass density and the elastic moduli were taken into account) of the fracture toughness in the absence of any reliable better tool, and solely considering the nominal glass composition for sake of simplicity.

It is noteworthy that the experimental K Ic values and the theoretical ones derived from Eqs. (2,5) are in agreement when the interatomic bonding energy of a given bond within the glass network is taken as the dissociation enthalpy of the diatomic molecule, further assuming that as the crack front meets a structural unit such as a tetrahedron, only one arm is broken (Fig. 10(a)). K Ic values predicted using the Sun's approach, are typically about 30 % smaller (Fig. 10(b)). Nevertheless, in both cases a quite good correspondence is noticed between experimental and theoretical values. When Sun's values for the bond strengths are used, the 1/2 prefactor in Eq. ( 5) should be replaced by 0.71.

V. Toward tougher glasses a) State of the art

There has been long lasting efforts to improve the fracture toughness of glass. The different strategies that were identified so far as well as the remaining open questions are reviewed 131 . Extrinsic methods such as thermal and chemical tempering, and coating techniques proved quite satisfactory and lead to innovative technologies and industrial products. On the contrary, intrinsic toughening methods based on the atomic bonding character and the atomic structure still don't meet the expectations, but perhaps for bulk metallic glasses. For given oxide compositions, within binary to quaternary chemical systems, K Ic isn't found to change by more than say 20 to 30 % at maximum, which in absolute values means that K Ic is mostly below 1 MPa.√m and the glass behaves brittle.

Some relative success was achieved by glass to ceramic conversion, by means of more and more refined thermal treatments, to meet specific glass-ceramic microstructures. In view of the abundant
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literature addressing extrinsic methods and glass-ceramic materials, the present analysis is limited to the role of the composition and atomic structure.

As far as the mechanical behavior at a crack tip remains purely elastic, the crack will be almost atomically sharp and, whatever the local bond strength, fracture will occur under a relatively weak far field loading. The agreement we observed between the experimental K Ic data (self-consistent methods) and the theoretical prediction based on the estimation of , suggest that in most inorganic glasses but the metallic ones, the "propagating crack" toughness, i.e. the quantity determined from  by means of Eq. ( 2), is the experimentally measured characteristic, i.e. the quantity mostly estimated from the critical stress at the onset of crack extension. This leave little room for crack tip dissipation or relaxation processes. With this in mind, and consistently with the Irwin-Griffith similarity relationship (Eq. ( 2)), K Ic can be enhanced by increasing E and . Actually these two latter material characteristics are both intimately governed by the atomic binding energy and the packing density (Eqs. (7,9)). E can be increased by 30 % relatively easily by playing on the composition within a chemical system [START_REF] Makishima | Calculation of Bulk Modulus, Shear Modulus and Poisson's Ratio of Glass[END_REF][START_REF] Rouxel | Elastic properties and short-to-medium range order in glasses[END_REF] . For example, the addition of 10 mol% MgO and 10 mol.% CaO to SiO 2 (diopside stoichiometry) leads to an increase of E from 70 to 100 GPa. This increases is expected to provide a 20 % increase of K Ic (say from 0.73 to 0.87 MPa.√m) regardless of the effect of . Much larger values for the elastic moduli were achieved by introducing significant amounts of rare-earth oxides in the composition, and/or by synthesis under controlled atmosphere (to produce nitrides or carbides), with some detrimental consequences on the transparency and on the production cost though. Unfortnately, reliable fracture toughness data on these "exotic" glasses, which are mostly not available as large batches, are lacking yet to validate this approach based on Eqs. (7,9).

In order to reduce the lever arm that expresses the concept of stress intensity factor, some energy dissipation is needed in the crack front region. Two dissipation mechanisms were identified in glasses at room temperature: densification, and isochoric shear flow. Densification occurs in glasses with large free volume contents (C g < 0.51), such as silica-rich glasses. This process is favorable to the formation of Hertzian-type cracks to the detriment of radial and lateral cracks at indentation sites.

Therefore densification seemingly provides a better resistance to visual damage at the surface of
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glasses indented with sharp objects. Efforts in this area resulted in glasses with outstanding indentation cracking resistance (Fig. 3). Nevertheless, the singular stress field at the vicinity of a crack tip is associated to a positive hydrostatic component, and the maximum tensile stress is the driving force for crack extension. Therefore, the resistance to indentation cracking isn't expected to be a criterion for a better toughness. As a matter of fact, a low C g doesn't result in a large K Ic . Instead, according to Eq. ( 7) a small C g is undesirable, following the example of ceramic foams or porous refractories, which are known to behave brittle as the crack finds easy paths. Isochoric shear flow is observed in seemingly brittle materials when the stresses are large enough to compensate for the lack of thermal activation. Shear lines or bands are clearly seen in metallic glasses where C g is typically larger than 0.6 125,127,[START_REF] Zhang | Ductile Fe-Based Bulk Metallic Glass with Good Soft-Magnetic Properties[END_REF] , but ductility is particularly significant in metallic glasses with >0.33 such as the precious metal-based or Zr-based ones. Although shear localization observations are somewhat less convincing in non-metallic glasses, there is no question regarding a shear transport of matter, as evidenced by the formation of pile-up at indentation sites [START_REF] Rouxel | Indentation deformation mechanism in glass: Densification versus shear flow[END_REF][START_REF] Sellappan | Composition dependence of indentation deformation and indentation cracking in glass[END_REF][START_REF] Hagan | Micromechanics of crack nucleation during indentations[END_REF][START_REF] Marsh | Plastic Flow in Glass[END_REF] . Shear deformation mechanisms might be activated along the crack front and was seen so far to be the major possible source for ductility. Interestingly, and in contrast with silicate glasses, there is no straightforward correlation between C g and  for metallic glasses. For instance, Fe-, Ti-, and Pd-based MGs have roughly the same C g (~0.63-0.65) but their  values spread from 0.28 to 0.43 (Fig. 11).

b) What Poisson's ratio tells?

Poisson's ratio can be viewed as an index of the ability of a glass to experience shear flow and shear relaxation processes at indentation site and at crack tip as well. It was reported for both oxide and metallic glasses that as  is increased, shear flow becomes more and more important and, eventually ductility shows up. This is a direct consequence of the fact that as  is increased, isochoric shear becomes more and more predominant over volume change. This is of course a classical result or description of the theory of linear elasticity. So what is actually obvious in the framework of elasticity, can somewhat be transposed to the irreversible flow regime. Bear in mind that any viscous
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or plastic flow is associated to an energy barrier that is by an overwhelming part of elastic origin. As far as shear processes are concerned, the shear modulus, , comes into play. Recall that  = (3K-2)/(6K+2), then

Eq. (11) indicates that as  becomes larger, shear becomes easier ( decreases). As a matter of fact, it was reported that piling-up at indentation sites becomes more and more pronounced as  is increased [START_REF] Yoshida | Quantitative evaluation of indentation-induced densification in glass[END_REF][START_REF] Sellappan | Composition dependence of indentation deformation and indentation cracking in glass[END_REF] . For instance, isochoric shear transport of matter to form pile-up at the surrounding of Vickers imprints was found to account for over 40 % of the indentation volume for oxide glasses with >0.28 (for example fluorite and borosilicate glasses with over ten oxide constituents) which mostly exhibit an atomic packing density larger than 0.55. Nevertheless iono-covalent glasses with large Poisson's ratio offer little room for densification, and hence experience extensive radial and subsurface lateral (leading to chips) cracking from Vickers indents (Fig. 7). For example silicon oxynitride glasses with  typically as large as 0.3 and in spite of an exceptional mechanical performance (E as large as 150 GPa are common for rare-earth containing silicon oxynitride glasses) are very sensitive to radial-median cracking. In the opposite, very high levels of densification (up to 80 %), which correspond to Poisson's ratio below say 0.2 (as for a-SiO 2 ), lead mostly to the formation of ring-cone crcaks at moderate loads, and are often associated to glasses that are not easy to process (high melting points, high viscosity). In order to reduce the intensity of the stress field that builds up on indentation, it is inferred from the physics of the permanent deformation processes 41,43 that Poisson's ratio in the 0.25-0.33 range should be avoided, unless the E/H ratio is smaller than say 7 (Fig. 7). Interestingly there are compositions in silica-rich alkali-alkaline earth silicate and in borosilicate glasses for which the stress field is expected to remain very small. It turns out that the socalled "less brittle" glass developed in the 1990's by Sehgal et al. [START_REF] Sehgal | Brittleness of glass[END_REF] , with E/H~14.7 and ~0.18 is
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precisely in the optimized region (diffuse red solid line in Fig. 7) with regard to the internal stress field acting as a driving force for indentation cracking. But, unfortunately, this does not entail a large fracture toughness. There are glasses with  larger than 0.33, for instance in metallic systems [START_REF] Wang | The elastic properties, elastic models and elastic perspectives of metallic glasses[END_REF] , but also possibly in oxynitride ones. In such materials shear plasticity is promoted and favours a ductile behavior. The fracture energy of bulk metallic glasses with >0.32 exceeds the one of oxide glasses by 2 to 4 orders of magnitude [START_REF] Magde | Toughness, extrinsic effects and Poisson's ratio of bulk metallic glasses[END_REF] . Although a regain of toughness is thus expected at large , and is indeed observed for metallic glasses, there is no one to one relationship between K Ic and  for ionocovalent glasses (Fig. 1).

c) Toughness and electrons…

The ease for shear deformation (flow) or for densification (pressure) is closely controlled by the nature of the prevailing interatomic bonding, and thus by the electronic band structure. Unlike oxide silicate glasses metallic glasses exhibit no straightforward correlation between C g and  (Fig. 11). As was shown recently 135 ,  is found to increase as the difference in electronegativity between the host metal and the major solute elements decreases, so that a ductile behavior is expected for e -<0.5

(corresponding to >0.33). This correlation also holds for monoconstituent oxide glasses and hence provides an explanation to the variation of  observed for seemingly "isostructural" glasses (Fig. 12).

A general trend among materials and structures which proved to be scale-independent is that  decreases as the connectivity increases [START_REF] Greaves | Poisson's Ratio and Modern Materials[END_REF] . This rules holds for macrostructures such as construction frames or cellular systems, as well as for atomic-scale structures, such as glass atomic networks. In ionocovalent solids, 2D and 3D atomic networks are favored thanks to the strength and the directionality of the bonding. It is thus inferred that in the case of metallic glasses, non transition metal host elements such as Ce, Ca, and Mg, develop more directional bonding through better localized f (for Ce) and sp (Ca,Mg) electrons giving rise to a relatively small . Some evidence for this is provided by the electronegativity difference between the host and the two major secondary elements, and the remarkable correlation found between  and e -which suggests that  primarily
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depends on the bond directionality and connectivity rather than on C g .

In the case of metals, the delocalization of the electrons and the weakness of the bond directionality is the fundamental source for ductility, i.e. the ease for shear plasticity and relaxation processes at crack tip as well as at the vicinity of geometrical singularities. The "good" metals are also the ductile ones! In the case of glasses, enhancing the electron mobility can be achieved by playing on the composition, introducing cations showing up with different valencies, such as Mn, Cr, Cu etc.

Large amounts of copper (up to 40 mol% CuO) were introduced in phosphate [START_REF] Miura | Unusual elastic and mechanical behaviors of[END_REF] and in borate [START_REF] Jis R | Testing Methods for Fracture Toughness of High Performance Ceramics[END_REF] glasses as well with the aim to favor electron hopping, and the dependence of K Ic on the copper content and valency was studied. An increase of the indentation cracking resistance with the amount 

VI. Conclusion and perspectives

By reviewing the different experimental methods that are currently used to estimate the fracture toughness of glass, we came to the conclusion that the SEPB and CN ones, being self-consistent and well established, should be privileged. In spite of the obvious advantages of indentation-based
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methods, such as the ease to proceed and the small sample size required, such methods should be avoided inasmuch as possible. Inorganic glasses cover a relatively wide interval of values for  and K Ic .  varies from less than 1 J.m -2 for chalcogenide and borate-rich glasses (with Zn, Pb, and Cu for example), to over 3 J.m -2 for silicon oxynitride glasses. K Ic is in the 0.2-1.4 MPa.√m interval. A theoretical estimation of  from the average surface density of atomic bonds on the fracture path and from the relevant bond strengths, and the subsequent calculation of K Ic by means of the elastic properties, is found to predict toughness values in agreement with the experimental ones. This suggests that the experimental toughness data correspond to the crack extension regime and can be viewed as close to the intrinsic values. This corroborates previous observations of crack tips in brittle materials such as glasses and ceramics, which brought to light the atomic sharpness of the crack tip.

As a matter of fact, although metallic glasses are disadvantaged by a smaller bond strength (in average), they exhibit much larger toughness due toughening mechanism occurring at the crack initiation stage. In this latter case, measuring the intrinsic toughness still remains challenging. Some guidelines to improve the fracture toughness are proposed, among which playing on the composition in order to i) reduce the resistance to shear deformation, either by enhancing the atomic packing density (which often leads to an increase in Poisson's ratio), or by lowering T g (which always lead to an increase of  ), ii) promote electron mobility (good metals are ductile, and electron hoping can be induced in glasses with multivalent transition metal ions), or iii) lower the electronegativity mismatch between the host and the major solute elements (especially for metallic glasses). Besides, designing glass-based materials with innovative atomic/molecular organizations, as in phase-separated and nano-crystallized systems, open very promising perspectives.

Accepted Article

This article is protected by copyright. All rights reserved.

copper phosphate glasses with different copper valence states", J. Am. Ceram. Soc., 84 2401-2048 (2001). Vickers diamond indenter. See ref. [43] for details regarding the composition and the loading specifications. 

Figure captions
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corners (from ref. [43]). The red line is where   vanishes. Numbers indicate the stress intensity normalized to hardness on the corresponding iso-contour.

Fig. 8 -Critical load for indentation cracking (Vickers test / surface radial cracks). P c is defined as the load required to generate two radial cracks on average or to achieve a 50% cracking probability [START_REF] Wang | Intrinsic nano-ductility of glasses: the critical role of composition[END_REF] . H is hardness (Pa) and K Ic is fracture toughness (Pa.m 0.5 ). Data from refs. [41, 42, 44, 76-78]. Models by Lawn et al. and Hagan are from refs. [1] and [79] respectively. 
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  and the negative of the enthalpy of formation of A x O y ( f H(A x O y )). A major disadvantage of this method is that the coordination number is required, and this number might experience changes from one chemical system to another, and even within a glass network for a given element. Besides, this approach ignores any other interactions, such as the repulsive O-O one in the first coordination shell around A, which would result in an underestimation of the attractive A-O bond energy. Another way consists in simply taking the A-B bond dissociation energy in the AB diatomic molecule, D°(A-B), which is the standard enthalpy change for the fission reaction, usually measured by spectroscopy or mass spectrometry. Of course, in this latter case, the bond electronic properties is usually quite different from the actual ones in the connected network. Indeed, the fission enthalpy can be seen as an upper bound, corresponding to the limit case where all the binding energy concentrates in a unique bond. In what follows, the first way is referred to as Sun's method, and the second one as the D°(A-B)' method. Both ways are further explored and discussed for different chemical compositions.

  instance a-SiO 2 is characterized by a low atomic packing density preventing from reaching high elastic moduli and toughness in spite of a relatively strong interatomic bonding. For pure a-SiO 2 , the gram-atom writes Si 1/3 O 2/3 and weights 20 g/mol. With a specific mass of 2.2 g.cm -3 , this gives a molar volume of 9.1 cm 3 (V o =M o /). A surface concentration of the gram-atom unit of 1.64 10 19 m -2 is

SiO 2

 2 were calculated accounting solely of the fractions of barium cations for <U o > in Eq. (4), and values of 2.32 J.m -2 and 0.614 MPa.√m were obtained. A K Ic value of 0.47 MPa.√m was measured by the SEPB method 103 . Such a difference is likely to stem from the fine details of the atomic network organization, among which barium being preferentially localized near titanium-based structural units, where Ti is mostly 5-fold coordinated to oxygen, and Ti-O bond strength being less than the Ba-O one104,105 . Again, when the theoretical prediction is carried out with Sun's model, K Ic values are typically 30 % smaller than the experimental ones (Fig.10(b)).

  Si-N bond is broken per Si atom involved in Si-N bonds (Si(O,N) 4/2 tetrahedra). The amount of such Si atoms is taken as 3/4x N (as in Si 3 N 4 ), and the remaining silicon forming Si-O bonds equal to x Si -3/4x N . For example, for the Y 0.123 Si 0.185 Al 0.07 O 0.547 N 0.075 glass composition, using the D°(A-B) approximation, U o Si-N , U o Al-O , U o Y-O are equal to 437.1, 501.9 and 698.1 kJ.mol -1 respectively. A fracture energy of 4.04 J. m -2 and a theoretical toughness of 1.15 MPa.√m are then easily calculated.

Fig. 1 -

 1 Fig. 1 -The apparent fracture toughness of glasses, as obtained by means of various experimental

Fig. 2 -

 2 Fig. 2 -Glasses from different chemical systems indented for 15 s in ambient conditions using a

Fig. 3 -Fig. 4 -Fig. 5 -

 345 Fig.3-Vickers imprints left at the surface of a SiOC polymer-derived glass, a silica-rich magnesium-

Fig. 6 - 66 Fig. 7 -

 6667 Fig. 6 -Weibull distributions of the liquid nitrogen failure strains for xNa 2 O-(1-x)SiO 2 glasses using faceplate velocities of 4000 μm/s (open symbols) and 50 μm/s (closed symbols).[START_REF] Lower | Inert failure studies of sodium silicate glass fibers[END_REF] 

Fig. 9 -

 9 Fig. 9 -Correlation between Young's modulus and the Vickers indentation crack length (surface

Fig. 10 -

 10 Fig. 10 -Theoretical K Ic values (from , Eq. (5)) as a function of experimental values, mostly obtained

Fig. 11 -Fig. 12 -

 1112 Fig. 11 -Poisson's ratio as a function of the atomic packing density for silicate and metallic glasses 135 .

  

  

  

  

  

  

  

  

  

  

  

  

  

  . In the case of glasses, K c values as determined by IF are typically 20 to 60 % shifted from SEPB or CN values, and the shift differs from one chemical system to the other. For example Vullo et al.[START_REF] Vullo | Comparative study of micro-indentation and Chevron notch fracture toughness measurements of silicate and phosphate glasses[END_REF] reported values ranging between 0.37 and 0.53 MPa.√m by IF method with different equations, while they obtained 0.62 by the CN method for the SF6 lead silicate glass from Schott (table2). For a lead-copper-borate glass with 10 mol.% CuO (table2), IF values are between 0.35 and 0.8 MPa.√m depending on the equation[START_REF] Yao | Synthesis, structure, and mechanical properties of lead-and zinc-copper borate glasses[END_REF] , while the SEPB one is 0.42 MPa.√m. A relatively good correspondence is noticed though

  83, a dissociation enthalpy of 1859 kJ.mol -1 is calculated for SiO 2 . Following Sun's model, this further results in a Si-O bond energy of 465 kJ.mol -1 , and in  and K Ic of 2.1 J.m -2 and 0.55 MPa.√m, which are significantly smaller than the experimental values. It was suggested by West et al.

  2 , considering the atomic fraction (x i ) of every cation entering the stoichiometric formula of the glass, i.e. accounting for the weak A-O and/or AE-O bonds in the network. For instance, starting first with the D°(A-B) values as for a-SiO 2 , U o Na-O = 256.1 kJ.mol -1 andU o Ca-O =383.3 kJ.mol-1 , so that the addition of Na 2 O and CaO leads to a decrease of the mean gramatom bonding energy <U o > for a soda-lime silica glass (such as a window glass, WG) in comparison to a-SiO 2 . However, thanks to a significant concomitant increase of C g , a fracture toughness value of 0.734 MPa.√m is predicted, i.e. very close to the value for a-SiO 2 , and again in agreement with the experimental value (0.68-0.72), as obtained by means of self-consistent methods in inert environment

  boron oxide (a-B 2 O 3 ) and B 2 O 3 -rich glasses are prone to shear flow under a sharp indenter and to densification, to a lesser extent than a-SiO 2 though. This is likely why the theoretical K Ic values calculated for pure B 2 O 3 glass (0.35-0.43 MPa.√m, where boron is 3-fold coordinated to

	33-0.36
	MPa.√m interval, i.e. near the value predicted for pure a-B 2 O 3 . The theoretical values are in
	agreement with the experimental ones, which range between 0.35-0.42 MPa.√m (table 2), or on
	similar glasses by the controlled surface microflaw technique 110 . Shinkai et al. 110 found a toughness of
	0.39 MPa.√m for the B 2 O 3 (50 mol.%)-PbO(50 mol.%) composition. It is noteworthy that despite a

oxygen in Sun's model) sound quite small in comparison to the results from the IF method (0.954 MPa.√m)

107,108 

, or from the SENB method (1.3 MPa.√m) 109 , which are the only available data for a-B 2 O 3 to the best of the knowledge of the authors. It is noteworthy that for the SENB method, Vernaz et al. used a 0.35 mm thick diamond disc. Such a large notch is also a likely source for the overestimation of K Ic . Therefore, in the absence of reliable toughness values for a-B 2 O 3 , the available IF and SENB values were not plotted in Fig.

10

.

A series of lead and zinc borate glasses with different amount of copper were recently characterized by means of the SEPB method

[START_REF] Yao | Structure and mechanical properties of copper-lead and copper-zinc borate glasses[END_REF] 

and it turns out that for all compositions but the zinccopper borate with 10 mol.% CuO, the theoretical K Ic values calculated with the D°(A-B) values under the assumption that only Pb-and Zn-O bonds are met on the fracture path, are in the 0.relatively large fracture surface energy for a-B 2 O 3 (=4.99 J.m -2 ), mainly due to the strength of the B-O bond (U o B-O =809 and 394 kJ.mol -1 with the D°(A-B) and the Sun's models respectively) the

  The theoretical K Ic value is quite close to the experimental one of 1.05 MPa.√m measured by the Indentation Fracture method 114 . The theoretical values for silicon oxynitride glasses are in the range 0.862-1.15 MPa.√m and are close to the experimental values, ranging between 0.95 and 1.18 MPa.√m 115 , including a CN measurement for one grade116 . It is thus concluded that the toughness of silicon oxynitride glasses with 5 to 20 at.% nitrogen is near 1 MPa.√m.

  of Cu + was noticed in the case of the phosphate glasses. However, K Ic measurements (by IF method though) suggest a decrease from 0.92 to 0.56 MPa.√m as the overall amount of copper is increased from 45 to 55 mol.%. Yao et al.

[START_REF] Yao | Structure and mechanical properties of copper-lead and copper-zinc borate glasses[END_REF] 

(table

2

) have shown that by replacing lead with copper in lead borate glasses, E and C g are increased, and both the indentation cracking resistance and K Ic are improved, while  remains almost constant (≈0.29). However, an opposite trend is observed as copper substitute for zinc in zinc borate glasses, possibly because zinc brings more to the mechanical performance than copper thanks to a network tightening effect (C g is much larger with zinc than with copper (or lead)) while U o Zn-O and U o Cu-O are rather close. The pronounced increase of the optical density (near 400 nm) as the Cu content increases is indicative of an increase of the Cu + Cu 2+ electron transfer transition especially at CuO content larger than 5 mol. %, corresponding to  values close to 0.3, which is remarkably large for oxide glasses.

Table 2 .

 2 Fracture surface energy and fracture toughness of glasses from different chemical systems. The theoretical value for K Ic is derived from , E and  using the plane strain assumption. Experimental errors are typically of ± 1 GPa for the elastic moduli and ± 0.05 MPa.√m for fracture toughness as measured by the SEPB or CN methods. Numbers in brackets give the nominal composition in mol.%. Minor constituents (typically <2 mol.%) are omitted in the commercial glass compositions, as extracted from the corresponding references, and might be slightly inaccurate.
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• Applicable to small specimens.

• Simple testing procedure.

. Suitable to study surface damage and the onset of crack initiation

• Difficult to identify the crack system.

(Half-Penny [START_REF] Anstis | A critical evaluation of indentation techniques for measuring fracture toughness: I, Direct crack measurements[END_REF][START_REF] Miyoshi | A study on evaluation of K Ic for structural ceramics[END_REF][START_REF] Jis R | Testing Methods for Fracture Toughness of High Performance Ceramics[END_REF] or Palmqvist [START_REF] Niihara | A fracture mechanics analysis of indentation-induced Palmqvist cracks in ceramics[END_REF][START_REF] Palmqvist | Method att Bestamma Segheten hos Spread Material, Sarskit Hardmettaler[END_REF][START_REF] Niihara | Evaluation of K Ic of brittle solids by the indentation method with low crack-to-indent ratios[END_REF] )

• Densification affects the value.

• Inapplicable to anomalous glasses.

(The method using the Cone-crack length is proposed.) 

Suitable

• Self-consistent.

• Tip radius of pre-crack is atomically sharp.

• Sometimes difficult to obtain the pre-crack. 

Applicable

• Self-consistent.

• Simple loading condition.

• The condition free from fatigue is required.

(cf. Inert condition or high crack velocity) 29, 30 CTOD (Crack Tip Opening Displacement) Applicable

• Self-consistent.

• Useful for bulk metallic glass.

• AFM or SEM observation of the crack-tip is required for oxide glasses. [START_REF] Munz | Fracture toughness determination of Al 2 O 3 using four-point-bend specimens with straight-through and chevron notches[END_REF] 31, 32

• Simple determination of stress intensity factor.

• Difficult to machine a specimen. 

Applicable

• Self-consistent.

• Simple loading condition.

• Stress intensity factor is independent of the crack length.

• The crack propagation occurs not only in the mode I but in the mixed I/III mode.
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