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Although silicate glass is considered as the archetype of brittle materials, which break
without deforming irreversibly, its fracture involves some dissipation. By examining the
post-mortem fracture surfaces, by following in situ the progression of a stress corrosion
crack and by measuring the depth of penetration of water in the material during slow
fracture, we show that glass behaves in fact in a quasi-brittle manner, with a damaged
zone of ~10 nm developing ahead of the crack tip.
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RESUME

Bien que le verre de silice soit considéré comme I'archétype des matériaux fragiles, qui
cassent sans se déformer, sa rupture s’accompagne de dissipation. Par I'examen post-
mortem de surfaces de rupture, le suivi in situ de la progression d’une fissure de corrosion
sous contrainte et la mesure de la profondeur de pénétration de I'eau dans le matériau
pendant sa fissuration lente, nous montrons que le verre se comporte en fait de maniére
quasi fragile, avec une zone endommagée d'une dizaine de nanométres qui se développe
en pointe de fissure.

© 2014 Published by Elsevier Masson SAS on behalf of Académie des sciences.

1. Introduction

Silicate glasses are usually considered as the archetype of brittle materials, which break without deforming prior to
fracture. As a consequence, no energy dissipation is expected to take place during fracture, and Griffith’s energy balance
criterion [1,2] should be perfectly fulfilled: the stored elastic energy should exactly compensate for the creation of two free
surfaces. Let us remark that if this is the physical definition of “brittleness”, then the cleavage of perfect crystals is indeed
brittle. As a matter of fact, in a perfect crystal, all the atomic bonds having identical energies, the first one to break is the
one located exactly at the crack tip, where the stress is the largest. Cleavage thus proceeds by successive openings of atomic
bonds at the crack tip, and the fracture energy is exactly equal to the product of the number of cut bonds by their energy.
Cleavage surfaces are also perfectly flat, and used for that quality in surface science experiments.
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If one considers now an amorphous material such as glass, the balance is not as simple. Some bonds may require less
energy to be broken, and, in consequence, they may break first even if they are located somewhat away from the crack
tip. Furthermore, the orientation of the bond at the crack tip may not be adequate: if the bond is perpendicular to the
direction of the applied tension, it undergoes a much smaller tension than in the case when it is parallel to it. Knowing
that the only bonds that can be broken are the Si-O bonds linking together silica tetrahedra, and knowing their energy,
110 kcal/mol [3], one can estimate the energy needed to break all the Si-O bonds per unit area to be 2 Jm~2. It can be
compared to the fracture energy, :KIZC/E ~9 Jm—2, where Kic ~ 0.8 MPam~!/2 and E ~ 70 GPa are respectively the fracture
toughness and the Young modulus of silica. In a humid environment, as recalled in the following, a crack propagates at a
lower stress intensity factor, depending on the humidity rate. Typically, propagation was observed to take place at a velocity
v ~10""" ms~! for a stress intensity factor ~0.4 MPam~'/2 at 40% humidity [4]. Even in this case, the fracture energy
is ~4.5 Jm~2, a value more than twice as higher as the expected one. Since glass is deprived of plasticity when loaded in
tension—the plastic zone size can be estimated to be of the order of Rc = 7 /8(Kjc/oy)?> ~ 1.7 nm [2] (oy being the yield
stress)—the central question is the nature of the dissipated energy.

The only possibility seems to be a quasi-brittle damage spreading similar to the one that can be observed at a macro-
scopic scale in materials that are highly disordered, such as wood, concrete, or paper, for example [5]. This is indeed what
is suggested by Molecular Dynamics (MD) simulations for other amorphous materials [6,7] and for silica [8], independently
of the interaction potential used [9].

We have performed three kinds of experiments in order to track quasi-brittle damage in glass. We have first examined
the morphology of glass fracture surfaces, and compared it to observations performed on other materials [10]. These experi-
ments are discussed in Section 2. We have also observed damage spreading around a crack tip during its propagation, using
an Atomic Force Microscope (AFM) [11-13]. Because scanning with an AFM takes time, we were constrained to follow very
slow propagating cracks. This cannot be achieved in UHV conditions, this is why we have decided to follow stress corrosion
cracks [2]. Under very moderate external tensile stresses, corresponding to stress intensity factors Kj lower than Kj¢, cracks
may indeed grow in silicate glasses, thanks to the hydrolysis of the Si-O bonds, a chemical reaction that involves the water
molecules of the surrounding environment. This is a complex phenomenon, which started to be studied in the 1960s [14,15]
and is not yet fully understood (see [16] for a review). In the classical picture, proposed first by Michalske and Bunker [17],
water molecules break the Si-O bonds located exactly at the crack tip. For small enough external loads, the crack velocity is
controlled by the rate of the chemical reaction, which depends both on the degree of ambient humidity and on the applied
stress. It is in this regime, traditionally referred to as “Stage I” [14,2], that our AFM experiments have been performed. We
report on them in Section 3. However, as we will discuss later, our AFM observations are confined to the external surface of
the specimens, which are immersed in an infinite reservoir of water molecules. In order to explore damage spreading within
the bulk, we decided to track the water molecules that had penetrated into the material during crack propagation: where
there is water, there are broken Si-O bonds, which constitute damage in our case. For that purpose, we have measured the
neutron reflectivity of fracture surfaces, and shown that it is modified by water trapped under the surface [18,19]. These
experiments are discussed in Section 4. Finally, Section 5 is devoted to a general discussion, leading to open questions.

2. Morphology of glass fracture surfaces

Since 1984 and the pioneering experiment by B. Mandelbrot and collaborators [20], the quantitative study of materials
fracture surfaces has inspired a lot of research. In 1990, we conjectured that, contrary to the common belief, the roughness
or Hurst exponent characterizing the morphology of these surfaces was universal [21], i.e. independent of both the material
and the loading. This simple picture has evolved since then [5], but the idea of “universality classes” has persisted. In fact, it
was shown that the structure of fracture surfaces is a signature of the presence of damage. In all cases, fracture surfaces are
anisotropic self-affine surfaces, characterized by a roughness index ¢ in a direction perpendicular to the direction of crack
propagation, and by a roughness exponent 8 # ¢ in the direction of crack propagation [22]. The two classes of universality
correspond to [23] (i) purely brittle fracture of disordered materials for which ¢ ~ 0.4 and B ~ 0.5, (ii) quasi-brittle or
ductile fracture, for which ¢ >~ 0.75 and B ~ 0.6. In all cases, however, height correlations have the same Family-Vicsek
type of structure [5], i.e.:

A
Ah(AX, Az) = ((y(xa + AX, za + AZ) — y(Xa, ZA))2>)](,<,ZZA = Axﬁf(FlZ/K) (1

where Ah(Ax, Az) is the mean height difference between points of the fracture surface separated by a distance Ax along
the direction of crack propagation and by a distance Az in the perpendicular direction (see Fig. 1).

The so-called “dynamic exponent” k is simply the ratio of the roughness indices ¢ and B: k = ¢ /8.

Fig. 2 shows the results obtained for pure silica, broken in stress corrosion conditions, i.e. at a humidity rate of ~40%. In
Fig. 2 (left), the two one-dimensional correlation functions measured along perpendicular and parallel directions allow us
to determine roughness exponents ¢ ~0.75 and g8 = 0.6, respectively. These are the exponents used to rescale the curves
shown in Fig. 2 (right) onto a single master curve, by plotting Ah(Ax, Az)/Ax? against Az/Ax'/¥, which corresponds to
expression (1). Any other choice of exponents fails to provide a satisfactory collapse.

Let us notice that both in the parallel and perpendicular directions, the correlation length (i.e. the upper limit of the
observed scaling domains) is of the order of ~ 20 nm. Although these are scales much smaller than the ones involved
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Fig. 1. (Color online.) Glass fracture surface observed in Atomic Force Microscopy. In order to compute the structure function Ah(Ax, Az), one measures
the height difference between points A and B distant by Ax along the direction of crack propagation x and by Az along the perpendicular direction z. This
quantity is averaged over all points A belonging to the fracture surface.
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Fig. 2. Left. Height correlation functions measured along profiles parallel and perpendicular to the direction of crack propagation (Ax and Az are both
expressed in nanometers). Exponents determined this way are: 8~ 0.6 and ¢ ~ 0.75. Right. 2D height correlation function: Ah(Ax, Az)/Ax? is plotted
against Az/Ax!/*, which corresponds to expression (1). The exponents which allow for a collapse of all the curves onto a single master curve are 8~ 0.6
and ¢ ~0.75. k =¢/B~1.2.

in wood or concrete fracture, or even in paper tearing, these exponents are extremely close to the ones characteristic of
quasi-brittle failure. The measured value ¢ ~ 0.75 in particular, seems to exclude the 0.4 value expected for purely brittle
fracture. These results are fairly robust: they do not depend on the humidity rate—which we could control between 20 and
70%—, the crack velocity that varied between 10~!! and 10~> ms~!, and even the nature of the silicate glass: beyond pure
silica [13,22], we studied window glass [10,24], and more or less devitrified vitroceramics [11,4,12].

However, we have also realized that small-scale quantitative measurements of this kind are doubtful because of tip
effects [25]. Actually, if the tip has large radius of curvature, it may smooth out the real profile y(x) into a profile y which
has a larger roughness index (see Fig. 3). A profile with a roughness index ¢ = 0.4 may be interpreted wrongly as a profile
with exponent ¢ = 0.75 because of this artifact. Of course, § = 0.5 has no reason to appear as 8 = 0.6 in experiments
where scanning is performed along the direction of crack propagation. Furthermore, it is unlikely that the structure of the
modified surface y(x, z) is also of the Family-Vicsek type, which is expected for a real fracture surface, whether there is
damage or not. This, however, would require further simulations.

As we will see, in situ AFM studies are also limited in resolution but in a slightly different way.

3. In situ observations of damage around a stress corrosion crack tip

We have explored stress corrosion cracking in two types of silicate glasses: pure silica and alumino silicates with lithium.
In order to be able to scan a region of ~100 x 100 nm?, which takes about one minute, we have to limit crack velocity to
values smaller than ~100 nm in ~60 s, i.e. ~1 nms~! to avoid a complete failure of the observation zone before scanning
is over. This is why, for these experiments, we had to control very carefully the propagation speed. For that purpose, we
used a stable specimen geometry commonly used to fracture brittle materials, double cleavage drilled compression (DCDC)
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Fig. 3. (Color online.) Sketch explaining the effect of a large radius of curvature at the AFM tip. For two closeby points, the probe (depicted here as a
parabola in black solid line) touches a unique distant peak on the profile. We have drawn the corresponding portion of the actually measured profile,
¥ (red dotted line). Obviously, the roughness of y is less than the one of y, and its roughness index will hence be larger.
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Fig. 4. Sketch of the DCDC specimens used. The hole has a radius a = 0.5 mm. Samples are loaded through uniaxial compression. The two symmetric cracks
that emerge from the central hole are locally submitted to tension, due to the Poisson effect. We follow one of these cracks with an AFM tip.
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Fig. 5. Sequence of successive topographic AFM frames showing a crack propagating at the surface of an alumino-silicate glass with lithium. The scan size
is 75 x 75 nm?2, and the measured heights range over 2 nm. The recording time for one frame is around 3 min, and two successive frames are separated by
20 min. The crack front propagates from the left to the right (x-direction) with a mean velocity V of around 10~'" ms~!. (a) Evidence of nanometric-scale
damage ahead of the main crack front, (b) damage growth, (c) failure of the observed zone of the sample.

samples (see [26,4] for details) to which a compressive stress is applied. By the Poisson effect, this compressive external
load results in a tensile opening stress acting on the two symmetric cracks that emerge from the central hole of radius a
(see Fig. 4).

The external compressive stress og is gradually increased by the slow constant displacement (0.02 mmmin~') of the
jaws of the loading machine. Once the two symmetric cracks are initiated, the displacement of the jaws is stopped. The crack
front then propagates at a stress intensity factor K; which decreases with the crack length ¢ as Kj = 0¢+/a/(0.375¢c/a+2). At
a given value of K| corresponds a unique value of the crack velocity V. Typically, depending on the glass composition—and
on its more or less devitrified nature—, values of V ranging from 10~!' to 10~° ms~! are obtained for K| varying between
0.4 and 0.5 Nm!/2,

One of the two cracks is followed by AFM during its propagation. Note that the surface that is explored is polished until
an RMS roughness of ~0.25 nm for a 10 x 10-pm? scan size is reached.

In all cases, one observes depressions (in green in Fig. 5, while the flat mean surface appears in blue), which we have
interpreted as quasi-brittle damage preceding the main crack. Note however that, because of the poor lateral resolution of
an AFM (~5 nm), it is impossible to deduce from these observations the extent of the damaged zone.

Mostly for this reason, our conclusions were questioned [27,28], and, by determining the local stress intensity factor
by using digital image correlation techniques applied to AFM frames, other authors concluded that there is no departure
from elasticity at distances larger or equal than ~10 nm (resolution of their experiments) from the crack tip [29]. Hence
a more accurate technique had to be used in order to understand whether failure in glass is indeed preceded by damage
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Fig. 6. (Color online.) (a) Photograph of the experimental setup. The neutron beam is schematized in red, incoming from the last slit of the collimator,
reflecting on the sample and going within the slit in front of the detector. (b) Drawing of the broken sample, showing the two black sheets of B4C used
to select one area of interest (see text). (c) Sketch of the broken sample, with zone (1) corresponding to an average velocity of 1078 ms~' and zone (2)
corresponds an average velocity of 1076 ms~1.

at very small scales. As we shall see in the following section, neutron reflection indeed provides the required sensitivity. It
also allows us to probe the bulk of the specimen, which is unaccessible to AFM. As a matter of fact, stresses at the surface
of the specimen—where plane stress conditions apply—are different from the ones in volume-plane strain conditions. But,
much more importantly, the surface is in contact with an infinite reservoir of water molecules. On the contrary, water has
to diffuse within the bulk in order to provoke damage.

4. Water stored around the crack tip

Let us consider the diffusion coefficient of water in silica, in order to estimate the plausibility of this scenario. Although
experiments have been performed at high temperature only [30,31], a rough extrapolation of Tomozawa et al.’s results [32]
suggests a water diffusion coefficient in silica of the order of ~10~2! cm?s~! at room temperature. This means that the
penetration length of water molecules into unstrained glass should be approximately 3 pm (respectively 0.3 A) during the
time it takes for a crack moving at 107® ms~! (respectively at 108 ms~!) to cover 100 pm.

However, because of the huge stresses concentrated at the crack tip, diffusion is enhanced by orders of magnitude in
the vicinity of the tip during fracture [33,34], as observed in several other materials [35,36]. Therefore, water is expected
to penetrate into the glass and, because of the heterogeneity of the material mentioned above, starts breaking bonds and
create microcracks ahead of the crack tip. This in turn increases further the diffusion of water, thereby creating more
corrosion and potentially leading to a substantial damaged zone. If this scenario is correct, a rather thick layer of water
should remain trapped underneath the nominal fracture surface after the crack has propagated and stresses have relaxed.
Since the diffusion constant is so small in unloaded silica glass (more than 100 days for traveling 1 nm), one should observe
post-mortem a “fossil” water profile, essentially frozen-in at the time of its creation, with a thickness of the order of the
size of the damaged zone.

Fracture was conducted, as in the previous series of experiments, on DCDC samples (Fig. 3) made of Corning 7980 pure
silica. It was performed in a glove box that had been saturated with heavy water. After having initiated the two cracks, we
have adjusted the load in order to reach the desired velocity [13]. Zone 1 (Fig. 6¢) corresponds to an average velocity of
10~8 ms~!. Zone 2 (Fig. 6¢) corresponds an average velocity of 1076 ms~1.

Interaction potentials between a neutron and the nucleus of a given atom are proportional to the so-called “coherent
length density” b. If b is positive, the interaction potential is attractive, while if b is negative, it is repulsive. One can show
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Fig. 7. (Color online.) Reflectivity as a function of scattering vector q: + control sample; * Zone 1, crack velocity v =4-10"° ms~!; + Zone 2, crack velocity
v=10"% ms~!. The green solid line () is not a fit, but it corresponds to the exact expression of the Fresnel reflectivity (Eq. (2)). The black dashed-dotted
line is the result of the second Born approximation applied to the case of the pure silica diopter. One can see that it is a very bad approximation close

to the Brewster conditions for total reflectivity, but that it becomes quite accurate for large values of ¢ (in fact for g > 0.01 Afl). Fits in solid and dotted
black lines of the reflectivities by zones 1 and 2, respectively, correspond to Eqs. (12) and (13), with qbg, =0.348 £ 0.003, ¢! ~ 43 A and A' ~ 35 A in (slow)
Zone 1, while in (fast) Zone 2, ¢{] = 0.567 +0.003, ¢! ~ 46 A and A'' ~23 A.

that the refraction index of the material is larger than unity if b is negative, and smaller than unity if b is positive. Although
neutron refractive indices are always quite close to unity, a large, positive value of b may lead to a significant increase in

reflectivity. Heavy water has been chosen because its coherent length density (byw = 6.39- 10~ Afz) is higher than the one

of silica (bs = 3.41 10~ Afz), and of opposite sign to that of light water (—0.53 - 10~6 Afz). If some water is trapped in
the vicinity of the surface of the sample, the reflectivity of the sample should thus increase in the presence of heavy water,
whereas it should weakly decrease with light water.

Specular Neutron Reflectivity (SNR) measurements have been carried out on the horizontal time-of-flight EROS reflec-
tometer (CEA-Saclay, France) with a fixed angle 6 of 1.195 degree, with a neutron white beam covering wavelengths A from

4 A to 25 A, covering an accessible range of diffusion vectors q = 27 sin6/A from 0.005 A~ to 0.032 A~

Zones 1 and 2 (see Fig. 6¢) described above were studied. In order to select one of these areas of interest, we used
the following trick. The sample was almost completely hidden on the neutrons path by two black sheets of B4C, a strong
neutron absorber, to let the neutrons illuminate only the desired region (Fig. 6a and b). In order to test that the selected
region was flat enough to allow a correct measurement, we have checked that the half full width of the alignment rocking
curve was lower than 0.025°. When this was not the case, the illuminated region was reduced until this condition was met.
The resulting illuminated surfaces were very small, of the order of ~25 mm?. Because of this smallness, we used very long
counting times to get a reasonable noise-to-signal ratio, up to 48 h per illuminated region. In particular, we measured the
background independently of the sample with great precision, enabling its subtraction with a good accuracy.

The experimental curves presented in Fig. 7 clearly show a huge change in the reflectivity of broken samples when
compared to the reflectivity of an unbroken control specimen. Since the roughness of the fracture surfaces is larger than
the roughness of the control specimen, one should a priori expect a decrease of the reflectivity of the broken samples. The
difference seen in Fig. 7 is therefore underestimated. In addition, let us note that the effect of the crack growth velocity on
the reflectivity should reveal the important role played by failure mechanisms on the concentration of water close to the
fracture surface. Indeed, crack velocity governs both the level of stress in the zone close to the tip and the diffusion time.

Fig. 7 shows also that the reflectivity of the control specimen corresponds perfectly to the Fresnel reflectivity

Re= (g —+/(q% — 47 NbQ))* /(g ++/ (¢? — 4 NbY))® )

of a semi-infinite silica diopter for which the coherent length density is equal to Nbg —341.-106 A2 [37,38]. Eq. (2) is
plotted in green in Fig. 7.

Our fit of the data is based on the observation that neutron transmission coefficients are usually close to unity (except in
the vicinity of the Brewster incidence angle). The basic assumption of our approximate calculation is thus that even a silica
diopter is a perturbation of the free case.

Let us call ¢(z) the heavy water volume fraction at a distance z from the surface.

The neutron wave function s obeys the following eigenvalue equation:

d*y(2)
dz?
where V (z) = 0 corresponds to the free case, and V (z) = 47 (bs +bw¢ (2)) is a small perturbation: V (z) < g2. In the absence

of heavy water, the perturbative term is simply V (z) = 4mbs.
We write:

+(@-V@)y@ =0 3)
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Y =vyo+ Y1 +v2+ ... (4)

with 1 and 1, the first- and second-order corrections (in V).
Adapting the calculation of [39], one finds:

oo

Yni1(2) = / dz'V (Z')ym(2')Go(z. 2) (5)
0

where the Green function Gg (z, Z' > 0), relevant for our boundary conditions, refers to the free case:

Go(z,7) = _21Tq exp(—igq(z' —z)) ifz<0

Go(z, z’):—leq exp(—ig|z’ —z|) ifz>0 (6)
Hence:
Y1(2) = i|:/z dz'V () exp(—iqz) + 7dz/v(z/) exp(—2iqz’) exp(iqz):| (7)
and: 0 Z
Yo(2) = /OO dz'V(Z)y1(Z)Go(7. 2) (8)
0

with z/ >0 and z < 0.
Adding the first- and second-order contributions, we get the expression of the reflectance r to order V2:

r= i/dz’v(z’) e~ ez _ 4—‘12/dz’v(z’) (9)
0 0
4 )
X |:e‘2iqz//dz”v(z”) +/dz”V(z”) e_ZiqZUi| (10)
0 z

The reflectivity R is equal to R = |r|2.

In order to check the validity of our second-order Born approximation, we first verify that our result in Eq. (10) tends
to the Fresnel reflectivity for high values of ¢ when V is a constant equal to q% = 4mbs. This limit leads to the following
reflectivity:

4 2\2 8

q q q
R=r:=_"1 (142 ol < 11
0 16q4( +2q2) - (qs) ()

which coincides with the corresponding large g expansion of the Fresnel reflectivity.

We then tried to fit the reflectivities in zones 1 and 2 (Fig. 7) using the simplest function involving a single length scale,
i.e. ¢(z) = ¢pgexp(—z/A). Although this can be made to fit the Zone 1 results, the reflectivity increase in Zone 2 is too large
to be accounted for by using this simple function. Hence, guided by the idea that there might be a saturated layer of depth
£ close to the surface that becomes more diffuse deeper in the sample, we posit that:

dw(z)=¢o ifz<t

dw (@) =doexp(—(z—0)/A) ifz>¢ (12)
This choice leads to a reflectance r that can be written as: r =rg +r1 + 12, with rg as the Fresnel reflectance (Eq. (11)) and:
2mb
r= —,7“”50 exp(—2iqt) (13)
q2igA +1)
472 (bwepo)* [ 1 . .
Iy = e ﬁ[exp(—mqﬁ)(l + 2iqe) — 1]
Aexp(—2igl)

(2iqA+1)(iqA+1)(A+2e+2iqu):| (14)
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Fig. 7 shows the best fits of the experimental measurements performed on the two fracture surfaces using Eqs. (11), (13)
and (14):

R=ro+r11+12)? (15)

The best fit is achieved with ¢} = 0.348 +0.003, ¢! ~ 43 A and A' ~ 35 A in (slow) Zone 1, while in (fast) Zone 2,
#y =0.567 £0.003, ¢~ 46 A and A"~ 23 A. Note that ¢y is very accurately determined by the fit, although the error bar
we quote only accounts for statistical uncertainty, and not systematic effects coming from the choice of the fitting function
and of the interval over which the data is fitted. On the other hand, the quality of fit has a “soft direction” in the plane
(¢, A). In other words, the total effective width of the layer, £o;s = € + A, is better determined than ¢ and A separately. The
statistical error bar on e is smaller than 1 A, but again systematic errors are larger.

5. Discussion

Molecular mechanisms accompanying crack propagation in glass in a humid environment are still ill-understood, for an
obvious reasons: they concern length scales that can hardly been reached directly. Hence, only indirect evidences can be
invoked to make progress in the understanding of molecular-scale mechanisms involved in the stress corrosion fracture of
silica, and, more generally, of amorphous materials.

In this paper, we have shown three different indirect proofs that (i) water penetrates into glass during fracture, and that
(ii) the presence of water induces damage spreading through Si-O bond breaks due to local hydrolysis.

Indeed, we have shown, by measuring neutron reflectivity, that water is stored under fracture surfaces. This means that
water penetrates into glass during fracture over distances of A >~ 10 nm. Once water has penetrated into silica, we know
that there is a given probability, depending on the humidity rate, that an Si-O bond is broken. This leads to the formation
of a damaged zone, the extent of which depends on crack velocity.

The signature of the existence of a damaged zone can be seen in the morphology of fracture surfaces. Indeed, over length
scales which are of the order of 10 to 20 nm, the morphology of glass fracture surfaces is similar to the one of materials as
different as metallic alloys, mortar, wood, etc. when observed within their damaged zone.

Furthermore, the signature of damage preceding a stress corrosion crack was also observed directly with AFM in several
silica-based glasses.

These are all indirect proofs, and in most cases—except, probably, neutron reflectivity—, experimental techniques are
pushed close to the limits of their resolutions. However, put together, they constitute a coherent body of evidences that
converge to the following scenario: due to huge strains in the vicinity of a crack tip, water penetrates into glass during crack
propagation, and hydrolyses Si-O bonds. The “nanocracks” formed tend to grow under local loading, and water penetrates
even more because of the presence of this damage.

It is tempting to describe this mechanism in one dimension (along the direction x of crack propagation) by solving the
following set of coupled equations:

0
Vo) + D(x) —";ix) = Voo
5(x)
D(x) = Dg exp<ﬁ>

B P
o = ¢ flew) (16)

where D(x) is the diffusion coefficient at a distance x from the crack tip, §(x) is a damage variable (equal to unity when
there is no material located at x, equal to zero when the material is unbroken). The first of these equations is the diffusion
equation written in the reference frame of the crack, which moves at velocity V. The second one expresses that D(x)
increases exponentially with damage, and the third one reflects the fact that damage depends both on the local stress o (x)
(through a given function F) and on the local water volume fraction ¢ (x), but also that it depends on the crack velocity V.
In fact, the last of this set of equations reflects the fact that the slower the crack, the more time damage has to spread. t is
a characteristic time needed to nucleate damage.

Unfortunately, the function F of local stress o (x) is not better known than constants (Vg¢g) and 7. Because of the very
structure of these equations, which have exponential-like solutions, it is hopeless to try solving them without performing
more experiments where both humidity rate and crack velocity are controlled. Molecular Dynamics coupled to ab initio
simulations, whenever they can be performed on large-enough samples, will be very useful in understanding the complex
mechanisms of stress corrosion.

Vv
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