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Abstract: Slow crack advance is observed in real time via an Atomic Force
Microscope in a minimal glass, amorphous Silica, under stress corrosion.
Fracture proceeds through the nucleation, growth and coalescence of damage
cavities, as recently reported in an aluminosilicate glass. The crack growth
velocity as observed at the continuum scale is shown to be dominated by
accelerating phases corresponding to the cavity coalescence with the main
crack front. The process zone at the crack tip is then determined, and shown
to increase with time when both the average crack growth velocity and the
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mechanical stress are kept constant. Transport of water molecules within
the process zone is conjectured to be the dominant mechanism responsible
for this time evolution. Migration of alkali Na ions in more complex Silicate
glass is finally evidenced at the sub-mocrometric scale by observing through
AFM the crack propagation in binary Na,O/SiO, glasses.
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1 Introduction

Fabrication of materials, structure and devices can currently be controlled at the
nanoscale. However, ensuring their strength and their life expectancy over the long
term still presents a major challenge. Over the past century, the understanding of
material failure has greatly improved and a coherent theoretical framework, the
Linear Elastic Fracture Mechanics (LEFM) has developed. This theory states that
crack initiation occurs when the mechanical energy G released by crack advance is
sufficient to balance the one needed to create new surfaces (Griffith, 1920). In an
elastic medium, G is entirely dissipated within a small zone — referred to as the process
zone located at the crack tip.

Linear Elasticity predicts that the stress field is dominated by a square root
singularity in the vicinity of the crack tip (Irwin, 1958; Orowan, 1955). By making use
of the universal nature of the near-tip stress field, LEFM relates G to the prefactor of
the stress field singularity — referred to as the stress intensity factor K; — that can be
determined in any geometry (Irwin, 1958; Orowan, 1955). However, the way the
crack dissipates this flux G by propagating within the process zone is far more
problematic. This involves processes occurring at the micro-structure scale of the
material, i.e. at a scale out of the range of LEFM. As a matter of fact, classical
theories take these phenomena into account through constitutive phenomenological
laws and distinguish brittle from ductile fracture.

e For brittle fracture (cleavage of metals or glass breaking for example), it is often
thought that the crack progresses by successive breakings of atomic bonds, and
does not involve any damage occurring ahead of the crack tip (Kelly et al., 1967;
Lawn et al., 1980).

e For ductile fracture (most commonly breaking mode of metallic alloys), the crack
advances through the nucleation, growth and coalescence of damage cavities
(see for instance Pineau et al. (1995)). In these cases, nucleation usually occurs at
microstructural ‘defects’, such as second phase precipitates unable to accommodate
plastic deformation. Then, the voids grow under the action of the stress triaxiality
(Rice and Tracey, 1969), and blunt when extending into the metallic matrix.

Description of the failure mechanisms within the process zone is out of the reach of
LEFM. Crack surface roughness e.g. involves the material structure at small time
and length scale. However, while resulting from material specific processes, the
morphology of fracture surfaces exhibits some universal scaling features in a wide
range of materials (glasses, metallic alloys, ceramics, woods, rocks, etc.), with various
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failure modes (dynamic fracture, stress corrosion, fatigue, etc.) (Bouchaud, 1997).
This strongly suggests the existence of some underlying generic mechanisms within
the process zone independent both of the precise nature of the material and of the
mechanical conditions.

These various results have led us to investigate how crack propagates in a
nominally brittle elastic material, silicate glass, at its micro-structure scale through
Atomic Force Microscopy (AFM). The first series of experiments, were performed
on aluminosilicate glasses with C. Marliére, F. Célarié and their collaborators
(Célarié et al., 2003a,b; Marliere et al., 2003). They allowed us to evidence the
existence of damage nanoscale cavities growing ahead of the crack tip similar to the
one commonly observed during ductile fracture of metallic alloys, but on a scale
three orders of magnitude smaller.

A second series of experiments performed on pure amorphous silica was reported
in Prades (2004) and Prades et al. (2005). This investigation is extended in this paper.
The experimental setup is presented in Section 2. Sections 3 and 4 are devoted to the
crack propagation mode as observed within the process zone. Nanoscale damage
cavities are evidenced and their kinematic is investigated. Section 5 focuses more
precisely on the process zone size and its time evolution. Role of alkalis migrations in
more complex binary Na,O/SiO, glasses is investigated in Section 6. Finally Section
7 summarises the observations and discusses them.

2 Experimental setup

Observing the failure mechanisms in silica glass at its micro-structure scale requires
nanometric spatial resolution. Therefore, Atomic Force Microscopy (AFM) appears
to be the most appropriate tool to probe the process zone with good enough spatial
resolution. The main drawback actually resides in the recording time of an AFM
frame around few minutes. This has led us to work in the ultra slow stress corrosion
regime where the time scale of crack propagation is small compared with the
recording time of our apparatus. The experimental setup is shown in Figure 1 and
briefly described below.

Figure 1 Experimental setup
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Fracture is performed on a Double Cleavage Drilled Compression (DCDC) specimen:
a parallelipedic 5 x 5 x 25mm? sample of pure silica glass with a hole of radius a
drilled in the centre is placed between the jaws of a compressive Deben machine
(Figure 2). The pressure o is then gradually increased up to the initiation of two
cracks that propagate symmetrically on both sides of the hole (Figure 2). The
reference frame ¢é,, €, €. is defined so that &, and é. are parallel to the direction of
crack propagation and the crack front (or hole axis) respectively (Figure 2).

Figure 2 Double cleavage drilled compression (DCDC) configuration used to fracture the
glass sample under stress corrosion
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Figure 3 (a) Variation of the geometrical part of the stress intensity factor, K;/c, as a
function of the crack length ¢ as determined through Finite Element calculation.
The diamonds and squares correspond to calculations using the J-integral method
and the CTOD method respectively. (b) Diagram of the mesh used in the finite
element calculations

0.18 ,L\
0.16 O E /%-L.a___
] Pdia
- {3 -
= oM -
-7 \
£ 7 c.=0 AN
o 012 s o ? - y N
v 8 . ol O
0.1 o Mt e e TEHH i
8 =
] o 8 Gy 0 uy 0
0.08 8 o
s
0.06 i (@) Hole Crack
Y2 4 s 8 10 12 front (b)
¢ (mm)

In this DCDC geometry, the variation of the geometrical part of the stress intensity
factor K;/o as a function of the crack length ¢ has been computed by a 2D plane
stress analysis through the finite element code CAST3M. The mesh geometry of the
simulation is shown in Figure 3(b). Thanks to the symmetry of the geometry, only
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one quarter of the specimen — composed of 15306 nodes — was modelled. The Poisson
ratio and the Young modulus were set to 0.3 and 70 GPa respectively. Once the
stress, strain and displacement field is calculated for the mesh, K; is evaluated using
both J-integral method (Rice, 1968) and Crack Tip Opening Displacement (CTOD)
method (Ewalds and Wanhill, 1985). Variation of K; as a function of ¢ as estimated
through these two methods is represented in Figure 3(a).

Let us note that the stress intensity factor K; decreases when the crack length ¢
increases. The crack growth is then slowing down until K; decreases under Kjc. The
crack would then completely stop under vacuum, but in a humid environment, the
corrosive action of water on glass allows a slow, sub-critical crack propagation. All
our experiments were performed in the room atmosphere during a period while
relative humidity and temperature were 45 + 3% and 26.0 + 2°C respectively. Figure
4 presents the variation of the mean crack tip velocity v as a function of the stress
intensity factor Kj is this stress corrosion regime. The exponential behaviour is
compatible with stress enhanced activated process models (Célarié et al., 2003b;
Wiederhorn, 1967; Wiederhorn and Bolz, 1970).

v = voexp(Kj/K) (1)

where vy and K, are found to be vy ~ 6.7 x 1077 m.s”! and K, ~ 0.12MPa.m'?
respectively. In this regime, the crack growth rate can be set by adjusting the external
applied load for a measured crack length. The protocol is the following (see Prades
et al. (2005) for details):

e alarge load is applied to reach a velocity close to 1078 m.s™!
e the load is subsequently decreased to a value inferior to the prescribed velocity

e the load is increased again up to the value that corresponds to the prescribed
velocity

e the force is then fixed to this value and the crack tip neighbourhood is probed by
AFM at magnification ranging from 250 x 250 nm?* to 10 x 10 um?.

This procedure allows to have a ‘new’ crack tip with minimal corrosion ageing at the
beginning of the observations.

3 Crack propagation within the process zone: evidence of nanoscale
damage cavities

Our experimental setup allowed us to observe the crack progressing at the nanoscale,
in real time, at the surface of the specimen. Figure 5(a)—(f) presents six successive
frames in the vicinity of the crack tip, recorded during the five hours necessary for the
crack front to cross the area of interest. For this particular sequence, the mean
velocity of the crack growth was found to be v = 4 x 107" m.s™'. One can clearly see
on this sequence the growth of a depression ahead of the crack tip, of typically
100nm in length and 25nm in width. In other words, the crack front does not
propagate regularly as commonly stated (Kelly et al., 1967; Lawn et al., 1980) but
progresses through the growth and coalescence of cavities. This scenario is fully
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consistent with what was observed both experimentally in aluminosilicate glasses
under stress corrosion (Célarié et al., 2003a,b; Marliére et al., 2003) and numerically
in dynamically breaking samples of amorphous silica (Kalia et al., 2003; Rountree,
2003; Rountree et al., 2002a; Van Brutzel, 1999; Van Brutzel et al., 2002).

Figure 4  Variation of the continuous crack tip velocity v (in m.s~ ') as a function of the stress
intensity factor (in MPa.m'/?). The black diamonds correspond to optical
measurement and the black points correspond to AFM measurements
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To ensure that the growing depression observed ahead the crack tip is actually a
damage cavity, we analysed the post-mortem mismatch between the two crack lines
using the Fracture Surface Topography Analysis (FRASTA) method (Célarié et al.,
2003b; Kobayashi and Shockey, 1987; Miyamoto et al., 1990). In a ductile scenario,
the growth of damage cavities is expected to induce irreversible plastic deformations
that will leave visible prints on the developing fracture line. We have thus determined
the crack lines after the crack has crossed the area of interest (white lines in Figure
5(f)) and reconstituted virtually the same material by placing the line on the right
(line R) to the left of the line on the left (line L). Chronology of the cavity growth and
crack progression is then obtained by gradually translating the line R to the right
(Figure 5(a”)—(f")). Let us note that the reconstructed cavity is found to be thinner
than the real one. This is explained by the fact that the shape of the real cavity is
given not only by the irreversible — plastic — part of the opening displacements at the
free surface, but also by the reversible — elastic — one. This latter vanishes once the
crack has crossed the area of interest and the stresses have relaxed, — and therefore
cannot be taken into account in the reconstructed frames. Comparison between the
real shapes of the main crack tip and cavities ahead (Figure 5(a’)—(f")) and the
reconstructed ones thus provides a method to evaluate the ratio between irreversible
plastic deformations and reversible elastic ones.

4 Time evolution of damage cavities within the process zone

In order to investigate the precise kinematics of crack propagation within the process
zone, we have determined the temporal evolution of point 4, B, and C corresponding
to the main crack front (CF), the forward front (FF) of the cavity and the backward
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front (BF) of the cavity (see Prades et al. (2005)) for details on the procedure). The
time evolution of the various tips is represented in Figure 6(a). Velocity of the three
fronts was then calculated:

Vo~ 4 %1072 m.s7!
VI~ 11 x 107 mes™! (2)

VEF ~ 12 x 107 M m.s™!.

All these velocities are significantly smaller than the mean crack tip velocity < v >=
4x 107" m.s™' as measured at the continuous scale. In other words, at these
nanometric scales, the main crack front does not propagate regularly, but
intermittently through the merging with the nanoscale cavities (Figure 6(b)). This
has important consequences for the relevance of classical corrosion models at ultra-
slow crack propagation: What sets the crack velocity at the continuum scale is not
the rate at which bonds are broken at the crack tip as previously thought (Lawn,
1993; Wiederhorn, 1967), but rather the cavity size at coalescence and the frequency
of coalescence events.

Figure 5 (a)-(f) Sequence of topographic AFM frames in the vicinity of the crack tip

showing the propagation of a mode I crack along the x-axis. The scan size is

470 x 135nm? and the height range over 3 nm. The six frames were taken during the
five hours necessary for the main crack to cross the area of interest. (a,b) apparition
of a nanometric damage cavity ahead of the crack tip; (b—d) growth of the cavity
prior to crack propagation; and (f,g) coalescence of the cavity with the main crack.
The point 4, B and C locate the position of the main crack tip (CF), the backward
front (BF) and the forward front (FF) tips of the cavity respectively. (a’)—(f")
reconstructed frames using the FRASTA method (see text for details)

-1.5 nm
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Figure 6 (a) Temporal evolution of the main crack front (CF) and the backward front (BF)
of the cavity and the forward front (FF) of the cavity represented by point 4, B and
C on the frames of Figure 5(a)—(e) respectively. The velocities of these fronts are
determined through linear fits: V¥ ~ 4 x 1072 m.s™!, v#7F ~ 1.2 x 107" m.s~! and
VF ~ 1.1 x 10~"" m.s™!. The thicker line shows the velocity at the continuum scale:
<v>~4x 10" ms™". (b) Sketch of the crack tip propagation at scale of the

process zone
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5 Determination of the process zone size and its time evolution

The previous section was devoted to the way the crack tip propagates within the
process zone at ultra-slow velocities. Let us now focus on the evolution of this
process zone and determine its extension. Linear elastic theory predicts that the stress
field is dominated by a square root singularity in the close vicinity of the crack tip
(Irwin, 1958; Orowan, 1955). Calling o the stress tensor and r the distance to the
crack tip, one gets:

o(r) o lf (3)

and, as long as the linear elastic stress strain relation held, one gets

0 — V(0x + 0}’)’)

€:(r) = 5

(4)

where E, v and e refers to the Young modulus, the Poisson ratio and the strain tensor
respectively. Near the crack tip, the out-of-plane displacement u. at the free surface is
thus expected to scale as:

u-(r) 7 (5)
Measurement of u. profiles have been performed on 1 x 1 pm> AFM topographical
frames along the direction of crack propagation (see Célarié et al. (2003b) and
Marliere et al. (2003) for details on the procedure). A typical u, profile is shown in
Figure 7. For r smaller than a given value R, u. is found to depart from the 1/+/r
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scaling predicted by linear elastic theory. This value R, around 200 nm sets the size
of the process zone (see also Guilloteau et al. (1996) and Henaux and Creuzet (2000)
for related discussion).

Figure 7 Measurement of the length of the process zone along the direction of crack
propagation. (a) Typical 1 x 1m> AFM topographical frame of the vicinity of the
crack tip. The black arrow and the r axis locates the crack tip and the line along
which the out of plane displacement u, are measured respectively. Variation of u. as
a function of the distance r from the crack tip. The axes are logarithmic. The
straight line corresponds to the predictions of linear elasticity (Equation (5)). For
r < R, u, is observed to depart from the linear elastic predictions
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Figure 8 represents the time evolution of the process zone size R, for two experiments
performed at two crack growth velocities v, namely v=8 x 107"2m.s”' and
v=4x10""m.s"". It should be recalled here that our experimental procedure
was chosen so that a ‘new’ crack tip with minimal corrosion ageing at the beginning
of each series of observations performed at a given crack growth velocity (end of
Section 2). One can clearly observe a transient regime where R, increases with time
before reaching its steady value. The observed duration of this transient regime —
approximately one hour for v=8 x 1072m.s™! — decreases with velocity, and
becomes non-observable for v larger than 4 x 10~ m.s~'. In other words, a partially
cracked specimen of glass under stress corrosion does not develop instantaneously a
process zone of constant size which would depend only on the value of the stress
intensity factor at the crack tip.

The transient regime is conjectured to result from stress enhanced water diffusion
within the process zone. In this scenario, water molecules travel over a typical
distance d ~ 100nm in a typical time 7 ~ 1 h. The diffusion coefficient D is thus
expected to be D = d?/7 ~ 10~'*cm?s™'. Let us note that this order of magnitude is
much higher than the value commonly observed in silica glass in the absence of stress
(around 107" m.s™"), but broadly consistent with Tomozawa and Han’s measurements
(1991) of water entry in silica glass under stress corrosion.
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Figure 8 Evolution of the process zone as a function of time for a crack growth velocity
V=8x10"ms "' and V=4 x 10" ms™"
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6 Influence of the chemical composition: Role of alkalis in a binary
Na,O/SiO, glass

Silicate glasses as fabricated by glass industries are far more complex than pure
amorphous silica. In particular, non-glass-forming oxide, such as Na,O that modify
the primitive amorphous SiO, network (Zachariasen, 1932) are incorporated. In
these glasses, alkalis such as Na are weakly bonded to the glass network (Greaves,
1985; Van Brutzel, 1999) and thus relatively mobile as compared to the other
chemical components. This migration of sodium — enhanced by the stress field in the
core region of the crack (Nghiem, 1999) — may alter significantly the mechanical
properties of the glass.

In order to evidence such sodium migration, we have observed slow crack
propagation at the surface of binary 12.5%Na>0/87.5%Si0, and 25%Na>0/75%SiO,
glasses under stress corrosion. A typical AFM topographical frame in the vicinity of
the crack tip is depicted in Figure 9(a). Sub-micrometric bumps can clearly be
distinguished within the process zone, along the two fracture lips.

To better understand the nature of these bumps, XPS analyses were performed
with M-J Guittet on:

e the free surface of the sample before failure
e the free surface of the sample after failure
e the fracture surface after failure.

The results are reported in Figure 9(b). The fracture surface is found to be
impoverished by Na while the free surface is enriched with Na. This strongly suggests
that Na atoms migrate to the free surface via these bumps along the crack front
during the failure. Let us add that very recent experiments performed by F. Célarié
(2004) reveal that the evolution of these bumps is governed by the combinations of
the stress field within the process zone, the relative humidity and the crack growth
velocity.
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Figure 9 (a) AFM frame of the vicinity of the crack front in a binary glass

7

25%Na,0/75%S10,. Sub-micrometric bumps can be observed slightly behind the
crack tip. (b) Comparisons of the atomic percentages in sodium, oxygen and
silicium as measured by XPS on the free surface of the sample prior failure, the free
surface after failure and the fracture surface after failure
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Concluding discussion

Ultra-slow crack propagation was observed in real time at the nanoscale through

AF
our

M in both amorphous silica and binary Na,O/SiO; glasses. The main results from
observations are:

Within the process zone, the crack tip does not propagate regularly, but through
the growth and coalescence of damage cavities.

Velocity of the main crack tip and the cavity tips as measured at the damage zone
scale is shown to be significantly smaller than the mean crack growth velocity as
measured at the continuous scale. In other words, the crack growth is intermittent
and dominated by the accelerating phases corresponding to the cavity coalescence
with the main crack front.

Damage in the vicinity of the crack tip induces a departure from stress field
singularity predicted by LEFM. This provides a method to quantify the size of
the process zone.

By looking at the time evolution of the process zone size, we evidenced a transient
regime where an increase of the process zone size with time is observed for the
lowest velocity (around 10~ m.s™"). This time dependent regime is conjectured
to be related to stress enhanced water diffusion within the process zone. This
scenario is broadly consistent with measurements performed by Tomozawa and
Han (1991) on water entry in silica glass under stress corrosion.

AFM observations reveal that crack propagation in binary Na,O/SiO, is
accompanied by sub-micrometric exudations at the crack tip. Furthermore, XPS
analysis shows that, during material failure, the vicinity of the crack tip gets
impoverished with sodium while the free surface of the specimen gets enriched
with sodium. These observations strongly suggest a stress-assisted migration of
Na atoms out of the process zone during the glass failure.



Experimental investigation of damage and fracture in glassy materials 351

Observations of damage cavities in amorphous silica under stress corrosion are
consistent to what Célarié et al. (2003a,b) and Marliére et al. (2003) observed
experimentally in aluminosilicate glasses under stress corrosion or numerically
during dynamic failure of amorphous silica (Kalia et al., 2003; Rountree, 2003;
Rountree et al., 2002a; Van Brutzel, 1999; Van Brutzel et al., 2002). This indicates
that the existence of this nanoductile mode is inherent to the amorphous structure
and does not depend on the precise glass composition. This leads us to think that the
scenario observed in MD simulations of dynamic fractures (Kalia et al., 2003;
Rountree, 2003; Rountree et al., 2002a; Van Brutzel, 1999; Van Brutzel et al., 2002)
can be extended to the ultra-slow stress corrosion regime: The amorphous structure
results in toughness fluctuations at the nanoscale that behave as stress concentrators
and give birth to the observed damage cavities.

The intermittent progression of the crack tip evidenced at the scale of the process
zone questioned the classical picture traditionally proposed to describe glass failure
under stress corrosion: What set the crack growth velocity at the continuum scale is
not the rate at which bonds are broken at the crack tip as previously thought (Lawn,
1993; Wiederhorn, 1967), but rather the cavity size at coalescence and the frequency
of coalescence events. Understanding the relation between the glass composition and
the cavity size then becomes of practical importance since the latter controls the
crack growth velocity in sub-critical regime — and therefore the life expectancy over
the long term. Work in this direction is currently in progress.

This mechanism of growth and coalescence of damage cavities ahead of the crack
tip is very similar to what is observed classically — albeit at much larger length scales —
in ductile metallic alloys where a crack progresses through the coalescence of damage
cavities that nucleate in the vicinity of microstructural defects (Paun and Bouchaud,
2003). Similar cavitation mechanisms were also observed in nanophase materials
(Kalia et al., 2003; Rountree, 2003; Rountree et al., 2002a,b), PMMA (Ravi-Chandar
and Yang, 1997) and polymers (Lapique et al., 2002). We argue that such a
mechanism is generic to crack propagation when it is observed on the scale of the
material heterogeneity. This may explain why fracture surfaces are observed to be
self-affine surfaces characterised by a universal roughness exponent, independent of
both the precise nature of the materials and the failure mode (Bouchaud, 1997).

Let us finally add that, while the present investigation sheds light on the role
played by material spatial fluctuations within the process zone, it does not tackle the
aspect of temporal fluctuations. Interaction of a growing crack with the material
micro-structure results in the release of acoustic waves (Bonamy and Ravi-Chandar,
2003, 2005; Ravi-Chandar and Knauss, 1984) that are not taken into account by
LEFM. These waves appear to play a significant role in the energy dissipation
properties of a propagating crack. Their understanding and characterisation then
represent an interesting challenge for future investigation.
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