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Locally Enhanced Dissolution Rate as a Probe for Nanocontact-Induced Densification in Oxide Glasses

Atomic force microscopy (AFM) was used to characterize the surface damage (nanoindentations) effect on the chemical durability of glass surfaces (silica and soda-lime silicate glasses, WG). In basic solutions, an enhanced dissolution rate is reported and quantified at indentation sites (+10.5 nm/h and +52 nm/h for silica and WG, respectively) whereas none was observed once the indented surfaces were thermally annealed at 0.9 × T g for 2 h, a thermal treatment known for curing high pressure-induced permanent densification in oxides glasses. A direct link between high pressure-induced structural modifications encountered during nanoindentation and the measured dissolution rates is established. It is shown that this property conjointly used with the high resolution of the atomic force microscope may be used for probing, at the nanometer scale, the size and the nature of the structurally modified area underneath residual nanoindentation impressions. As an example, for 10 mN Vickers nanoindentations on WG, the zone affected by the permanently and structurally modified zone under the residual impression is found to be equal to (741 ± 30) nm with a transition zone thickness from the fully densified material to the elastically deformed one ranging between 115 and 165 nm.

■ INTRODUCTION

Although silica glass has an estimated theoretical strength of 35 GPa, [START_REF] Orowan | Fracture and strength of solids[END_REF] its extreme sensitivity to surface imperfections or damage is often attributed to the considerably lower strength values reported for bulk samples (of the order of 20 MPa) [START_REF] Griffith | The phenomena of rupture and flow in solids[END_REF] is often attributed to an extreme sensitivity to surface damage. Such surface imperfections or damage often result from the mechanical contact of the pristine glass surface with hard particles. Such an event may leave behind on the surface a permanent imprint and, providing the applied load is high enough, a well developed cracking system. [START_REF] Cook | Direct observation and analysis of indentation cracking in glasses and ceramics[END_REF] As the indentation test best mimics everyday life surface aggression, it makes this technique extremely popular and suitable for studying surface damage properties of materials in general. In using this technique it was shown that oxide glasses deform at first elastically and then in a permanent way through two concomitant deformation mechanisms: a volume conservative one (shear flow) and a nonvolume conservative one (densification). [START_REF] Taylor | Plastic deformation of optical glass[END_REF][START_REF] Marsh | Plastic flow in glass[END_REF][START_REF] Peter | Densification and flow phenomena of glass in indentation experiments[END_REF] Their relative importance is believed to play a major role in the so-called normal (densification and shear flow such as soda-lime silica glass, WG) or anomalous (mainly densification such as silica glass) behavior exhibited by glasses and may trigger the occurrence of the median/radial crack system, [START_REF] Lawn | Microfracture beneath point indentations in brittle solids[END_REF] the most jeopardizing crack system regarding the mechanical integrity of glass structures. Therefore, deformation mechanisms are of first importance to understand the nucleation of crack systems under sharp contact conditions. Indentation imprints are surrounded by a plastically deformed material, [START_REF] Marsh | Plastic flow in glass[END_REF][START_REF] Hill | The Mathematical Theory of Plasticity[END_REF] the structural properties of which have been permanently modified. From high hydrostatic pressure experiments [START_REF] Bridgman | Effects of very high pressures on glass[END_REF][START_REF] Mackenzie | High-pressure effects on oxide glasses: I. Densification in rigid state[END_REF] it was established that for silica glass (WG) permanent densification starts above a threshold value of 10 GPa (8 GPa) and saturates at a level of Δρ/ρ 0 = 20% (6.3%, ρ: density) above a pressure level of 25 GPa (20 GPa). [START_REF] Rouxel | Poisson's ratio and the densification of glass under high pressure[END_REF][START_REF] Ji | Densification of window glass under very high pressure and its relevance to Vickers indentation[END_REF] In the case of silica glass the permanently densified material does not show any short-range order modifications. [START_REF] Polsky | Effect of pressure on the absolute Raman scattering cross section of SiO 2 and GeO 2 glasses[END_REF] SiO 4 tetrahedra remain unaltered, and coordination numbers of Si and O atoms return, upon decompression, to their original value, 4 and 2, respectively. [START_REF] El'kin | In situ study of the mechanism of formation of pressuredensified SiO 2 glasses[END_REF] Nonetheless, the medium range order is significantly modified. The fully densified silica glass (20%) exhibits a lower intertetrahedral Si-O-Si bond angle value (138.3°). A decrease in the densification effect in denser structures is also reported: for 3-fold and 4-fold rings, a variation Δθ Si-O-Si of -0.56°and -1.3°is reported, respectively, while a -5.7°mean value is mentioned for larger structures. An increase of the 3-fold ring concentration (×3.5) is also reported. [START_REF] Hehlen | Inter-tetrahedra bond angle of permanently densified silicas extracted from their Raman spectra[END_REF][START_REF] Burgin | Vibrational modes and local order in permanently densified silica glasses: Femtosecond and Raman spectroscopy study[END_REF] For WG, a decrease in the Si-O-Si bond angle is reported as well; [START_REF] Poe | Compression mechanisms in aluminosilicate melts: Raman and XANES spectroscopy of glasses quenched from pressures up to 10 GPa[END_REF][START_REF] Gaudio | Pressure-induced structural changes and densification of vitreous MgSiO 3[END_REF][START_REF] Taniguchi | Deformation of soda-lime-silica glass under pressure and stress by molecular dynamics simulation[END_REF] clustering of modifying ions [START_REF] Taniguchi | Deformation of soda-lime-silica glass under pressure and stress by molecular dynamics simulation[END_REF] was also reported as a possible mechanism of permanent structural modification under high pressure. Recently [START_REF] Deschamps | Soda-lime silicate glass under hydrostatic pressure and indentation: a micro-Raman study[END_REF] it was experimentally shown that permanent densification of a WG glass resulted in an increase in Q 2 species at the expense of Q 3 species, leading to a lesser connectivity of the densified network. Amazingly permanent densification of silicate glasses may be cured and the initially densified volumes recovered after the following thermal treatment: 0.9 × T g for 2 h (T g is the transition temperature of the glass expressed in Kelvin). [START_REF] Mackenzie | High-pressure effects on oxide glasses: I. Densification in rigid state[END_REF] The postthermal treatment volume recovery, at indentation sites, was evidenced by atomic force microscopy (AFM) images of the impression prior to and after thermal treatment. [START_REF] Satoshi | Quantitative evaluation of indentation-induced densification in glass[END_REF] The local densification at indentation sites was successfully observed either through a locally modified refractive index [START_REF] Ernsberger | Role of densification in deformation of glasses under point loading role of densification in deformation of glasses under point loading[END_REF] or by IR [START_REF] Koike | IR investigation of density changes of silica glass and soda-lime silicate glass caused by microhardness indentation[END_REF] or by micro-Raman spectroscopy. [START_REF] Deschamps | Soda-lime silicate glass under hydrostatic pressure and indentation: a micro-Raman study[END_REF][START_REF] Perriot | Raman microspectroscopic characterization of amorphous silica plastic behavior[END_REF][START_REF] Ji | Mecanique et physique de l'indentation du verre[END_REF] The Raman signature of the densified glass under the residual imprint disappears after a 0.9 × T g for 2 h thermal treatment. [START_REF] Satoshi | Quantitative evaluation of indentation-induced densification in glass[END_REF] Raman spectroscopy was further successfully applied for mapping out densified areas under 20 N Vickers indentations and its results used as a discriminating sieve to validate constitutive law for glass. [START_REF] Perriot | Raman microspectroscopic characterization of amorphous silica plastic behavior[END_REF][START_REF] Kermouche | Mechanical modelling of indentation-induced densification in amorphous silica[END_REF] Nonetheless, the authors had to use high indentation loads (20 N) to make the densified zone large enough in regard to the spatial resolution of the micro-Raman probe. The authors also reported that full densification of the glass was not reached under 20 N Vickers indentations (WG and silica glass). Only a fraction of their respective glass saturation level, 80% (silica) and 60% (WG), was reached. Nonetheless, 3D Raman cartography on a 500 mN Vickers indentation on silica glass revealed that full densification (20%) of the glass was reached. [START_REF] Ji | Mecanique et physique de l'indentation du verre[END_REF] Such a difference may find an explanation in the presence of a massively fractured zone underneath high load indentations. Fracture is an energy-dissipative process that might impede the attainment of the required level of stress for full densification. In this study we use loads 3 orders of magnitude lower than this (10 and 50 mN) in order to limit, as much as possible, the effect of the fracture event on deformation mechanisms. Unfortunately, for such small indentation loads no experimental technique exists to characterize the zone affected by densification.

Thus, the aim of this work is, on the one hand, to study the effect of surface defects such as indentations on the chemical durability in a basic solution of two silicate glasses and, on the other hand, from the analysis of presently reported experimental data to propose a way for exploring the volume of material affected by densification after nanoindentation tests. From the temporal evolution of the shape of indentation impressions (characterized by AFM) with dissolution time, the occurrence of an enhanced dissolution rate at indentation sites is reported. We show how this may be linked to the postindentation densified material. Finally, once related to densification, we demonstrate that this enhanced dissolution rate may provide an efficient tool for probing, with a nanometer scale sensitivity, the permanently densified material lying underneath indentation imprints.

■ EXPERIMENTAL SECTION

Sample Preparation. Two commercially available glass compositions were used in this study: a floated window glass (WG) (chemical composition: 70.8 SiO 2 , 12.8 Na 2 O, 10.2 CaO, 5.9 MgO, 0.33 Al 2 O 3 (mol %), ρ 0 = 2.55 g/cm [START_REF] Cook | Direct observation and analysis of indentation cracking in glasses and ceramics[END_REF] ) and a silica glass (SiO 2 99.6 (mol %), ρ 0 = 2.2 g/cm 3 ), both from Saint Gobain Co. The silica glass surface was optically polished and subsequently annealed at T g (1100 °C) for 2 h while the air side of WG was tested as received. One extra data set (WG10*) was collected on WG from the air side surface of a thermally annealed sample (T g = 565 °C for 2 h). S 1 samples were kept indentfree for dissolution rate measurements of respective glasses in their relaxed state while the other two (S 2 and S 3 ) were indented at 10 and 50 mN. Sets of five Vickers indents were made with an indenter instrument (Fischerscope H100CXYp) equipped with a square-based diamond pyramid with an apical angle of 136°and a line conjunction of roughly 120 nm. Loading and unloading rates were kept constant and equal to 5 mN/s, with a dwell time of 5 s at maximum load. These loads were chosen so that the residual imprints were free of corner cracks. While S 2 samples were kept as indented for dissolution testing, S 3 samples were thermally treated according to a procedure described in ref 29 to heal structural modifications induced by the indentation process.

Experimental Setup. S 1 , S 2 , and S 3 glass samples were placed in separate Teflon containers filled with 50 mL of a 0.1 N NaOH solution (pH = 13 at room temperature) and placed in a thermally regulated furnace at (80.0 ± 0.5) °C. Although the S/v ratio (S: surface of the sample exposed to the solution, v: volume of the solution) was low enough to avoid any saturation of the solutions, they were renewed after 80 h of effective dissolution time. The weight loss method was used to compute the dissolution rate of the glass (V 0 ) in its relaxed state (S 1 samples) over a 0-170 h (7 points) time period. The indented glass samples S 2 and S 3 , immersed in the heated (NaOH) solution, were periodically taken out and rinsed with deionized water and then ethanol prior to AFM observations. Dissolution times were 3, 16, 22, 40, 83, 103, and 171 h (total time spent in the solution) for WG and 3, 9, 17, 40, 64, 104, and 176 h for silica.

Atomic Force Microscopy. The three-dimensional geometry of the imprint was carefully recorded after each dissolution period using the tapping mode of an atomic force microscope (Bruker, Nanoscope V, Santa Barbara, CA) equipped with silicon tips (TAP 300 Al) of tip radii no larger than 10 nm. Due to both a smaller tip radius and a sharper apical angle when compared to the those of the indenter, the geometry of the imprint is not altered by the atomic force microscope tip. Prior to any series of measurements, the atomic force microscope was calibrated with several grids: a 10 μm pitch of 200 nm deep squared holes and a 3 μm pitch of (23 ± 1) nm deep engraved features. Moreover, to limit the effect of typical AFM artifacts on our measurements such as thermal drift and piezo creep, thermal equilibrium of the system was established (about 2 h) before capturing the first image. The orientation of the sample in the referential of the atomic force microscope was kept constant throughout the whole experiment to allow a direct comparison between images during the dissolution time. The size of the scanned area was large enough so that a sufficient area unaffected by the indentation process exists and may be taken as a reference surface (i.e., set to zero tilt and zero offset). For each condition (glass composition, annealing), a number of five indents were studied as a function of corrosion time. Each data point in Figures 3 and4 is an average value computed over three to five different indents.

■ RESULTS AND DISCUSSION

Evolution of the Imprint Geometry with Dissolution. Before going further into detail, one must understand how the 3D shape of surface features evolve through dissolution. In the case of a homogeneous dissolution rate over the entire surface of the sample (case for a stress-free flat surface), the dissolution vector, at least at a supramolecular level, is applied perpendicularly to the surface. [START_REF] Wong | The effect of HF/NH 4 F etching on the morphology of surface fractures on fused silica[END_REF][START_REF] Ward | Acid polishing of lead glass[END_REF] For simplicity, we consider indentation imprints to be rather opened defects (surface curvature and mass transportation effects are neglected), and the postindentation residual stress effects on local dissolution rates are neglected. Thus, the magnitude of the dissolution rate is constant all over the surface and in the imprint as well. In other words, in the case of an impression presenting a rounded bottom, as always the case experimentally, both the dissolution vectors at the bottom of the impression and at a horizontal and flat surface located far from the imprint have the same vertical direction and magnitude (Figure 2, S 3 sample). Therefore, although the 3D shape of the imprint evolves with dissolution time (concave surfaces tend to expand while convex surfaces tend to disappear), the depth of the imprint, in the scope of our hypotheses, should remain constant. [START_REF] Saito | Mechanism of the etching rate change of aluminosilicate glass in HF acid with microindentation[END_REF] Any discrepancy in this trend (i.e., an increase or a decrease of the imprint depth) would be the expression of a difference in dissolution rate between the bottom of the imprint and the surface. Recent studies have reported such variations in the etching rate at indentation or scratch sites for borate and aluminosilicate glasses in HF solutions. [START_REF] Saito | Mechanism of the etching rate change of aluminosilicate glass in HF acid with microindentation[END_REF][START_REF] Youn | Maskless patterning of borosilicate glass surface using nanoindentation-induced etch-hillock phenomena[END_REF][START_REF] Saito | Fabrication of micro-structure on glass surface using microindentation and wet etching process[END_REF][START_REF] Saito | Micro-fabrication techniques applied to aluminosilicate glass surfaces: Micro-indentation and wet etching process[END_REF] A decrease in the indented zone etching rate (up to 5 times) was qualitatively associated with the phenomenon of densification, which was used as a shield for engraving convex features onto the glass surface. Nonetheless, no etching rate variation was reported for a glass similar to WG. [START_REF] Saito | Mechanism of the etching rate change of aluminosilicate glass in HF acid with microindentation[END_REF] This was interpreted as an absence of dissolution rate modification of the densified material. These statements may look somewhat opposite to the experimental observations reported later in this manuscript. Nonetheless, the etching mechanism in HF solutions [START_REF] Judge | A Study of the dissolution of SiO 2 in acidic fluoride solutions[END_REF][START_REF] Osseo-Asare | Etching kinetics of silicon dioxide in aqueous fluoride solutions: A surface complexation model[END_REF][START_REF] Knotte | Etching mechanism of vitreous silicon dioxide in HF-based solutions[END_REF] and the dissolution mechanism in basic solutions (present study) [START_REF] Doremus | Glass Science[END_REF] are quite different. Regarding the evolution of the shape of indentation imprints with dissolution time, one observation is worth mentioning as a general behavior. For both S 2 and S 3 samples, the originally inverted squared pyramidal shape of the residual imprint progressively evolves toward a hemispherical-like shape with dissolution time (Figures 1 and2). The intersection of the impression with the free surface becomes eventually a perfect circle for long dissolution times (Figure 1). Although theoretically possible, the extraction of 3D information on dissolution rates around the indentation requires specific 3D image treatments, which are currently under development. Nonetheless, 3D information is not necessary for the present work. In the remainder of the manuscript we will focus on 1D information, that is to say the evolution of the depth of postindentation impressions (Figures 3 and4) versus dissolution time. For S 1 samples, dissolution rates of the relaxed glass (V 0 , of (66.1 ± 1.1) nm/h (R = 0.9992) and (115.1 ± 0.6) nm/h (R = 0.9999)) were measured over a 170 h period for silica and WG glasses, respectively.

Temporal Evolution of Indentation Impression Depth: S 2 Samples. Regardless of both the glass composition and the indentation load, the variation in the impression depth versus dissolution time exhibits two different regimes (Figures 3 and4): a first one (region I), at short dissolution times, for which the impression depth increases sharply with dissolution time, and a second one (region II), for long dissolution times, for which the imprint depth stays quasiconstant. In the case of WG samples, for both 10 mN and 50 mN indentation loads, region I Gray symbols stand for thermally annealed indentations at 0.9 × T g during 2 h (S 3 samples). Vertical error bars represent ±1 standard deviation; if not visible, the error bar is smaller than the size of the reported symbol.

suffers greatly from a lack of data points. Further experiments were recently carried out on 10 mN indentations (Figure 5), and the results confirm the linear trends of both regions I and II which are also observed for silica glass (Figure 4). Therefore, both regions were fitted using a linear regression analysis method (Figures 3 and4), and results are listed in Table 1. For both regions I and II, the different slope values (ΔV I and ΔV II ) computed for a given glass composition are extremely similar and look rather load independent. Although both glass compositions present a qualitatively identical behavior, quantitative data such as ΔV I (-51.6 nm/h and -10.5 nm/h for WG and silica, respectively) and ΔV II (roughly 0.41 nm/h and 0 nm/h for WG and silica, respectively) are glass composition dependent. The intersection between regions I and II is of interest, as it roughly represents both the time (t*) at which the depth of the impression does not increase anymore and the maximum depth (d*) reached by the impression (Table 2). t* is both load and composition dependent, and its value rises with indentation load. The increase in the imprint depth with dissolution time reflects the existence of a faster and time-limited dissolution rate at the bottom of the impression. As dissolution time passes, the glass surface dissolves away. We are in fact probing the material in depth at a rate V 0 . Thus, the time-limited enhanced dissolution rate means that only a limited thickness of glass underneath the residual impression exhibits a faster dissolution rate.

Temporal Evolution of Indentation Impression Depth for S 3 Samples. For WG glass, only region II is observed. Almost no increase in the impression depth (Figures 2 and3) is observed whereas for silica glass the impression depth starts to decrease slightly before reaching a horizontal plateau (region II). For the latter, region I is characterized by a positive slope ΔV I of (1.6 ± 0.2) nm/h and (1.7 ± 0.1) nm/h for the 10 mN and the 50 mN load, respectively. The possible origin of this positive slope will be discussed later in the manuscript (see section discussing the possible effect of residual stress on dissolution rate). ΔV II values look rather load independent and are similar to the ones computed for S 2 samples (see Table 1). Region II may be characterized by a mean slope equal to (-0.03 ± 0.04) nm/h for silica and (0.36 ± 0.11)nm/h for WG for times as long as 176 h. Such differences in dissolution rate may come either from (a) surface curvature, (b) change of material composition, (c) residual stress, or (d) mass transport of the reaction product from the reaction site to the bulk of the solution. As impressions on both silica and WG glasses have similar shapes, where curvature varies with dissolution time, and because the slope of region II stays constant over long dissolution times, points a-c may be ruled out. Although more specific work should be performed to clarify this, differences in ΔV II values might probably find its origin in point d and in the chemical composition of the two glasses. Still, it shows this technique to be extremely sensitive to small differences in dissolution rates, of a few Si-O atomic bonds per hour.

On the Enhanced Dissolution Rate and the Permanent Densification of Glass. Dissolution mechanism (hydrolysis of Si-O bonds) of silicate glasses in basic aqueous solutions occurs through the following overall reaction: [START_REF] Xiao | Ab initio quantum mechanical studies of the kinetics and mechanisms of quartz dissolution: OHcatalysis[END_REF] effect and significantly increase the reaction rate which results from a sharp increase in the solubility of silicate species in the solution. It is also well-known that glass network deformation due to a high level of stress can modify the onset and the rate of the reaction of hydrolysis, as for example at the tip of a crack where it is responsible for the subcritical crack growth phenomenon observed in oxide glasses. [START_REF] Wiederhorn | Influence of water vapor on crack propagation in soda-lime glass[END_REF][START_REF] Michalske | Slow fracture model based on strained silicate structures[END_REF] Among all possible structural deformations of the silica network under stress, the Si-O-Si bond angle plays a major role. Michalske and Bunker [START_REF] Michalske | Slow fracture model based on strained silicate structures[END_REF] reported that a decrease in the siloxane bond angle could result in a decrease in the resistance to hydrolysis of the Si-O bond to 25% of its original value. Other numerical studies have since confirmed the important effect of silica network deformation on the chemical reactivity of the Si-O bonds with water molecules. [START_REF] Silva | Atomic scale chemo-mechanics of silica: Nano-rod deformation and water reaction[END_REF][START_REF] Bunker | Infrared spectra of edge-shared silicate tetrahedra[END_REF] Regarding densification and associated structural modifications, two recent studies have dealt with glass having the same chemical composition as the glasses presently studied. [START_REF] Hehlen | Inter-tetrahedra bond angle of permanently densified silicas extracted from their Raman spectra[END_REF][START_REF] Deschamps | Soda-lime silicate glass under hydrostatic pressure and indentation: a micro-Raman study[END_REF] For silica glass, a progressive decrease in the mean Si-O-Si bond angle value with the increasing level of permanent densification is reported. Hehlen also stated that those structural changes may depend on the densification process as, for example, the effect of temperature or the presence of a shear stress component. Nonetheless, regarding this latter point, it was recently shown, for WG glass, [START_REF] Deschamps | Soda-lime silicate glass under hydrostatic pressure and indentation: a micro-Raman study[END_REF] that shear does not affect the nature of the structural modifications in the permanently densified glass. For WG, a decrease in the Si-O-Si mean bond angle value occurs as well but a connectivity loss of the densified glassy network is also reported. All the aforementioned structural changes may lead to an increase in the overall dissolution rate of the glass, whether it is due to a Si-O-Si mean bond angle decrease or/and to a loss of connectivity (i.e., lesser Si-O bonds to hydrolyze per unit volume). This latter point provides first evidence that the enhanced dissolution rate reported in the present study could result from the presence of permanently densified glass under residual indentation imprints.

Other results from the scientific literature may be gathered and efficiently used for establishing a link between permanent densification underneath indentations and a locally enhanced dissolution rate. For instance, contact mechanic associated with three-dimensional finite element analysis simulation. [START_REF] Ji | Densification of window glass under very high pressure and its relevance to Vickers indentation[END_REF][START_REF] Perriot | Raman microspectroscopic characterization of amorphous silica plastic behavior[END_REF][START_REF] Xin | Densification of fused silica: effects on nanoindentation[END_REF] It was shown that a finite volume under the indentation imprint is affected by densification. Depending on the constitutive law used for computation, the saturation level is either reached in an extended zone with a steep gradient between the fully densified and the nonpermanently densified material [START_REF] Xin | Densification of fused silica: effects on nanoindentation[END_REF] (as illustrated in Figure 5) or in a rather limited zone close to the indent with a progressive and large transition zone as one moves away from the indent. [START_REF] Perriot | Raman microspectroscopic characterization of amorphous silica plastic behavior[END_REF] The latter scenario was experimentally observed using micro-Raman cartography of high load indentations (20 N) on silica glass and WG. [START_REF] Deschamps | Soda-lime silicate glass under hydrostatic pressure and indentation: a micro-Raman study[END_REF][START_REF] Perriot | Raman microspectroscopic characterization of amorphous silica plastic behavior[END_REF] This size-limited zone of permanently densified material is also in agreement with our experimental observations where both glasses present an enhanced dissolution rate for a limited dissolution time (i.e., limited depth under the imprint). The last but certainly the strongest argument is undoubtedly the vanishing of the faster dissolution rate measured at indentation sites after thermal treatment (S 3 samples) which can be straightforwardly related to the disappearance of the Raman signature of the densified glass under an indent after the same thermal treatment. [START_REF] Satoshi | Quantitative evaluation of indentation-induced densification in glass[END_REF] All together those arguments give strong evidence for this depth-limited enhanced dissolution rate observed experimentally at indentation sites to be a direct consequence of the presence of permanently densified glass underneath residual indentation impression.

Nonetheless, one point has to be considered. It is rather surprising that the glass showing the highest densification ratio (volumetric strain), 20% (-16.7%) and 6.3% (-5.9%) for silica and WG glass, respectively, which as a first approximation may be interpreted as the most deformed glassy network, is the one presenting the smallest relative dissolution rate enhancement -ΔV I /V 0 (16% and 45% for silica glass and WG glass, respectively). It is naturally tempting to associate a lower mean reactivity to WG, the lesser deformed silicate network (i.e., a a Densification depth (d dens ) or depth below the impression apex (Z 0,I ) at which regions I and II intersect. Plan of origin (z = 0) is at t = 0 (Figure 2). 10* stands for WG10*.

lower Si-O-Si variation). Unfortunately -ΔV I /V 0 numbers cannot be used for direct comparison between glass compositions. Indeed, one must think in terms of the number of Si-O bonds being hydrolyzed per unit surface per time lap to make possible such a comparison. We call it Si-O bond hydrolysis rate (V Si-0 ). Furthermore the densification effect on ρ values has to be taken into account. [START_REF] Rouxel | Indentation deformation mechanism in glass: Densification versus shear flow[END_REF] For computing V Si-0 , we need to address some structural considerations. The silica network is a rather complicated 3D structure that is built from SiO 4/2 tetrahedra in which the coordination number of Si and O atoms is 4 and 2, respectively. Neither the coordination number of Si nor the geometry of the tetrahedra is significantly modified in the permanently densified glass. [START_REF] Inamura | Intermediate range structure and low-energy dynamics of densified vitreous silica[END_REF][START_REF] Rahmani | Signature of small rings in the Raman spectra of normal and compressed amorphous silica: A combined classical and ab initio study[END_REF] The structure of a glass can also be discussed in terms of mean connectivity, which is best described by the statistical repartition of Q n species (n = 1 to 4). [START_REF] Engelhardt | High resolution solid state NMR of silicates and zeolites[END_REF] We assume here for simplicity that silica glass is only made of Q 4 species. At a longer range order, although tetrahedra can connect to each other by their edges, they mostly form the silica network by corner sharing, forming a network of m-fold three-dimensional rings. m, the number of tetrahedra per ring, ranges from 2 to 9 with a statistical distribution peaking at m = 5 or 6. [START_REF] Giacomazzi | Medium-range structure of vitreous SiO 2 obtained through first-principles investigation of vibrational spectra[END_REF] Connection between tetrahedra is best described by the intertetrahedral angle Si-O-Si which presents a broad distribution centered on a mean value of the order of 144°. In the case of WG glass the introduction of network modifiers such as Na + , Mg 2+ , or Ca 2+ will increase the amount of Q n (n < 4) species, resulting in a decrease in the silica network connectivity. Thus, to calculate V Si-0 we have to make the assumption that the dissolution rate is essentially limited by the kinetic of the Si-O bond hydrolysis. This is true at high pH value and far from saturation. Therefore, knowing the volumetric density of Si-O bonds from the chemical composition and ρ, dissolution rates (nm/h) can be readily transformed into Si-O hydrolysis rates. Meanwhile, in the case of WG glass we take into account the global connectivity loss of the network by assuming that each R + and each R 2+ ion creates a Q 3 and a Q 2 species, respectively. For the relaxed state (S 1 samples), it becomes 1943 Si-O/ nm 2 /h and 2094 Si-O/nm 2 /h, and for the densified state (S 2 samples, V d = V 0 -ΔV I ), we have 2724 Si-O/nm 2 /h and 3223 Si-O/nm 2 /h for silica glass and WG glass, respectively. This is still a 40% and 54% relative increase in Si-O hydrolysis rate. Although closer, those values are still not aiming toward the expected trend. Thus, the geometrical deformation of the silica network cannot explain by itself the higher dissolution rate of WG glass. A complementary mechanism (i.e., connectivity loss) leading to an overall increase in the dissolution rate of the permanently densified glass must come into play as recently evidenced by Champagnon. [START_REF] Deschamps | Soda-lime silicate glass under hydrostatic pressure and indentation: a micro-Raman study[END_REF] Unfortunately, it is not possible yet to quantitatively decipher the contribution of Si-O-Si bond angle modification from that of the connectivity loss (volumetric density of Q 2 species created) to the dissolution rate. Note that this network connectivity loss also offers an interesting trail to tentatively explain the decrease in hardness (-8%) observed for a fully densified soda-lime-silica glass similar to WG whereas the hardness of fully densified silica glass increases by 37%. [START_REF] Rouxel | Indentation deformation mechanism in glass: Densification versus shear flow[END_REF] Differential Dissolution Rate Measured by AFM as a Nanoprobe for Contact-Induced Densification. As long as the bottom of the impression imaged by the atomic force microscope remains in the densified area it dissolves faster than the relaxed surface (region I, B in Figure 5) resulting in an increase of the imprint depth with dissolution time. The rate of this increase is equal to -ΔV I = V d -V 0 ≫ 0, the difference between the dissolution rate of the glassy material present at the bottom of the indentation imprint and the dissolution rate of the relaxed glass. When the bottom reaches the nonpermanently densified area (region II, C) the dissolution rate drops to V 0 (ΔV II ≈ 0) and no further increase of the impression depth is observed (D). Therefore, the limit of the permanently densified area under the indentation may be defined as the dissolution time needed for reaching region II. From Figure 5 this limit is roughly the depth (d dens ) and time (t*) at which region I and region II intersect (point C) (Table 2). d dens may be easily computed from t*, V 0 , and ΔV I by the following relation: d dens = (V 0 -ΔV I )t*. Results are reported in Table 2. The two 10 mN sets, although carried on two different surface states, give an extremely similar result, (-748 ± 51) nm and (-741 ± 30) nm, respectively, for the unannealed surface and the thermally relaxed one. For the same load, silica presents a lower but quite similar value of (-726 ± 57) nm whereas for the 50 mN load, the difference between the two glass compositions is more pronounced (-1442 ± 259) nm for silica against (-1808 ± 341) nm for WG.

Unfortunately, we do not know how the dissolution rate of the permanently densified glass varies with the level of permanent densification. Nonetheless, as the permanent densification level of the glass increases continuously and progressively with the applied hydrostatic pressure (sigmoidal function), [START_REF] Rouxel | Poisson's ratio and the densification of glass under high pressure[END_REF][START_REF] Deschamps | Soda-lime silicate glass under hydrostatic pressure and indentation: a micro-Raman study[END_REF] those structural changes are also expected to continuously increase either in numbers of sites per unit volume (Q 3 →Q 2 and Si-O-Si) and/or in intensity (Si-O-Si). Although specific experiments should be carried for establishing a quantitative relationship between the dissolution rate and the densification level of the glass, the variation of dissolution rate with the level of permanent densification should exhibit a roughly qualitatively similar trend, that is to say, a progressive and continuous increase from V 0 , the undensified state, to V max , the fully densified state. Therefore, the constant dissolution rate V d (i.e., ΔV I = constant, region I) experimentally observed, for both glass compositions, over quite a large dissolution time span (i.e., depth under the indent) implies that the entire zone (region I) possesses the same structural state and thus the same level of densification. This is possible over such a depth only if this level of densification is the saturated one (V d = V max ).

A transition zone between the fully densified material (V max ) and the nonpermanently densified material (≈V 0 ) has to exist. The WG10* data set offers the possibility to estimate the maximum possible thickness of this transition zone under the indent apex. It is roughly equal to the dissolved thickness between the last and the first points belonging to region I and region II, respectively. This transition zone occurs within a time lag of 1 h of dissolution (Figure 5), which gives it a thickness between 115 nm (V 0 ) and 165 nm (V d ).

Further fine experiments are currently being carried out on both WG and silica glass to study the effect of the indentation load on both the transition zone and the size of the area affected by densification.

Possible Effect of Postindentation Residual Stress on Dissolution Rate. The effect of mechanical stress on chemical reaction rates has been widely covered in the literature; see for example refs 50 and 51 and references therein. Briefly, from the thermodynamic viewpoint, it was shown that a compressive stress state increases the free energy of the system (solid/ liquid) thus impeding the reaction of dissolution and vice versa.

As discussed earlier in this manuscript, the dissolution of oxide glasses in an aqueous environment occurs mainly through the hydrolysis of Si-O-Si bridges which was shown to drastically depend on stress. [START_REF] Wiederhorn | Influence of water vapor on crack propagation in soda-lime glass[END_REF][START_REF] Chuang | Extended Charles-Hillig theory for stress corrosion cracking of glass[END_REF] Moreover Nychka et al., [START_REF] Nychka | In vitro bioactivity of 45S5 bioactive glass as a function of indentation load[END_REF] while studying the bioactiviy of phosphate glasses, attributed the local decrease in dissolution rates around 20 N indentations to the presence of postindentation compressive residual stress. Surface stress levels of -1.5 GPa (compression) and 0.35 GPa (tension) were reported around a 45 N Vickers indentation made on a similar WG glass. [START_REF] Kese | Nanoindentation method for measuring residual stress in brittle materials[END_REF] To our knowledge, no quantitative relation exists between the level and state of biaxial stress at a glass surface and its associated dissolution rate in a basic solution. Nonetheless, qualitatively, if a compressive stress state is encountered by the bottom of the indentation, a decrease in the dissolution rate is expected, providing that the stress level is high enough to modify the reaction rate. Note that our reference surface is taken sufficiently far from the indent not to be affected by the postindentation residual stress field. Whereas a residual stress effect could be detected neither for WG S 2 and S 3 samples nor for silica S 2 samples, silica S 3 samples exhibit a time-limited decrease in the impression depth at a (1.65 ± 0.05) nm/h mean rate (Figure 4). The latter is synonymous to the presence of an in-plane compressive stress state at the bottom of the impression. To help understand the origin of such a difference in behavior between these two glasses, the following two points should be considered:

(1) The 0.9 × T g (K) for 2 h thermal treatment only allows a small amount of postindentation residual stress relaxation (around a few % depending on the considered relaxation model). Thus, the residual stress field in S 3 samples is only substantially modified by the volume recovery of the densified material present underneath the indent. (2) The intensity of the volume recovery (-ε v ) which occurs after thermal treatment is essentially glass composition dependent: larger for silica (-16.7%) than for WG (-5.9%). Our problem can be schematically described in terms of a spherical inclusion of densified material partially embedded in the relaxed glassy material and truncated by the free surface of the imprint (Figure 5). An isotropic volume recovery of the densified material will push the free surface of the imprint up, as observed experimentally. While doing so, the sides of the imprint will be constrained by the surrounding material, introducing an additional compressive stress component at its bottom. For similar elastic properties and densified zone size and shape, the intensity of this additional stress component will depend essentially on the volumetric deformation recovered (ε v ). The larger the latter, the higher the contribution. Although more work will be needed to bring a definitive answer to this problem, a qualitative and reasonable explanation is provided for the behavior of silica S 3 samples. On the one hand, in the case of silica glass, to notice an effect on the dissolution rate (about 10% of ΔV I ), the contribution of the densified volume recovery to the postindentation stress field is needed and, on the other hand, for WG glass, even with both contributions, no effect could be observed. As a lower compressive stress level is present at the bottom of S 2 samples indentations, we may conclude that the effect of the residual postindentation stress field on measured ΔV may be neglected, especially in the case of WG glass. However, in this study we only probe one direction.

■ CONCLUSION

The effect of nanoindentations on the chemical durability of silica glass and soda-lime silicate glass (WG) in a basic solution was studied by atomic force microscopy. An enhanced dissolution rate is observed locally at indentation sites and quantified (+52 nm/h and +10.5 nm/h for WG and silica glass, respectively) when compared to that of the relaxed glass.

(1) An enhanced dissolution rate results from local structural changes that occur upon permanent densification. Those structural changes (connectivity loss, Si-O-Si decrease) are in agreement with an increase in the dissolution rate of the permanently densified glass. (2) The disappearance of the enhanced dissolution rate after a thermal treatment shows the complete reversibility of the local structural changes that occur upon permanent densification.

(3) We show that the enhanced dissolution rate may be used to probe, at the nanometer scale, the densified glass under nanoindentation imprints. The depth affected by densification under 10 mN and 50 mN Vickers indentations is measured. (4) Our technique has proven to be qualitatively sensitive to fine structural changes, providing that they have an effect on the global dissolution rate. (5) From our observations, we discuss the possibility of full densification of the glass to be reached under the impression during indentation. The transition zone thickness is computed for a 10 mN load on WG and is no greater than 165 nm. (6) The possible effect of postindentation residual stress on our measurement is also discussed and found to be negligible in our case.
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Figure 1 .

 1 Figure 1. AFM images (5 × 5 μm 2 ) presenting the evolution of a Vickers indentation (10 mN, silica) with dissolution time: 0 h, 17 h, 40 h, 104 h. Respective Z scales are reported in nanometers on the extreme right of each picture. The dotted line describing a circle (104 h) illustrates the perfect circular shape of the impression for long dissolution periods.

Figure 2 .

 2 Figure 2. Evolution (profiles perpendicular to the face) of a 10 mN Vickers indentation on WG as a function of dissolution time in a 0.1 N NaOH solution: (a) as indented (WG10*, S 2 sample); (b) after a 0.9 × T g (K), 2 h thermal treatment (S 3 sample). Z = 0 nm is the initial surface of the sample before dissolution (t = 0 h). Z = V 0 . t is the thickness of glass dissolved away during the time t. This figure was prepared with GIMP 41 and Gwyddion 42 softwares.

Figure 3 .

 3 Figure 3. Impression depth evolution of 50 mN (squares) and 10 mN (circles) load Vickers indentations made on WG glass surface (air side, as received) versus dissolution time in a 0.1 N NaOH solution at 80 °C. Opened symbols are for unannealed indentations (S 2 samples).Gray symbols stand for thermally annealed indentations at 0.9 × T g during 2 h (S 3 samples). Vertical error bars represent ±1 standard deviation; if not visible, the error bar is smaller than the size of the reported symbol.

  Si-O-Si + OH -↔ SiO -•••HOSi. Doremus 40 stated that dissolution rates are intimately linked to the openness of the glass surface; nonetheless, high pH values (above 9) level this

Figure 4 .

 4 Figure 4. Impression depth evolution of 50 mN (squares) and 10 mN (circles) load Vickers indentations made on silica glass versus dissolution time in a 0.1 N NaOH solution at 80 °C. Open symbols are for unannealed indentations (S 2 sample), and grayed symbols stand for thermally annealed indentations at 0.9 × T g during 2 h (S 3 sample).Vertical error bars represent ±1 standard deviation; if not visible, the error bar is smaller than the size of the reported symbol.

Figure 5 .

 5 Figure 5. Left: evolution of a 10 mN Vickers indentation impression depth made on a WG annealed glass surface with dissolution time (WG10*). Right: schematic representation of the permanently densified glass zone under a residual indent. For both images: Point A (left) is the depth (Z 0,I ) of the imprint after indentation; point A (right) is the bottom of the imprint after indentation. Point B (left) belongs to region I for which the bottom of the imprint dissolves away faster, at a constant rate V d , than the relaxed glass surface; point B (right) indicates the region under the imprint where V d = V 0 + ΔV d is experimentally measured. Point C (left) refers to the transition between regions I and II; point C (right) designates the transition zone where the densified state goes from fully densified to undensified. Point D (left) indicates the plateau region named region II for which V d -V 0 ≈ 0; point D (right) refers to the region where the dissolution rate is equal to V 0 . Information in the shaded areas could not be investigated in the present study.

Table 1 .

 1 Linear Regression Analysis Parameters for S 2 Samples (with WG10*) and S 3 Samples for WG and Silica Glasses a Numbers inside brackets stand for the number of points taken into account for the computation. 10* stands for WG10*. Z 0,I : initial impression depth; ΔV I(II) : slope of region I (II). σ() stands for one standard deviation. NA: nonapplicable.

					S 2 samples				S 3 samples	
				WG glass		silica		WG glass		silica
			10 mN	50 mN	10* mN	10 mN	50 mN	10 mN	50 mN	10 mN	50 mN
	region I	(nm/h) ΔV I	-53.6 (2)	-49.8 (2)	-51.4 (8)	-10.1 (3)	-11.1 (3)	NA	NA	1.6 (3)	1.7 (4)
		σ(ΔV I )	2.1	7.6	0.7	0.6	1.6	NA	NA	0.2	0.1
		Z 0,I (nm)	-145.4	-354.6	-130.7	-127.8	-307.7	NA	NA	-60.2	-169.2
		σ(Z 0,I )	2.4	4.9	1.5	3.1	9.0	NA	NA	1.2	1.2
	region II	(nm/h) ΔV II	0.38 (7)	0.52 (6)	0.35 (7)	-0.01 (4)	-0.09 (5)	0.21 (5)	0.34 (5)	0.004 (6)	-0.03 (4)
		σ(ΔV II )	0.03	0.11	0.21	0.03	0.07	0.03	0.03	0.015	0.02
		Z 0,II (nm)	-387.7	-889.7	-361	-218.9	-510.6	-82.4	-233.7	-47.2	-128.5
		σ(Z 0,II )	2.6	10.1	1.9	3.1	7.8	1.6	1.8	1.4	1.8

a

Table 2 .

 2 Points of Intersection (t*, d*) between Regions I and II (samples S 2 ) Computed from Table 1 a

			WG glass		silica	
		10 mN	50 mN	10* mN	10 mN	50 mN
	t* (h)	4.5	10.6	4.5	9.4	18.4
	σ (t*)	0.3	1.9	0.1	1.2	4.3
	d* (nm)	-386	-884	-359	-219	-513
	σ (d*)	3	11	3	3	9
	d dens (nm)	-748	-1808	-741	-726	-1442
	σ (d dens )	40	341	37	57	259