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A current controversy over the nature of fracture in silica glass is revisited in the light of additional
experimental evidence obtained by cathodoluminescence (CL) spectroscopy in the immediate crack-tip
zone of two different types of silica glass. The Letter describes the dual experimental output obtained by
monitoring optically active oxygen defects in silica glass, as follows: (i) analysis of local crack-tip
stoichiometry (i.e., lattice defect population); and, (ii) spatially resolved stress analysis ahead of the crack
tip based on a piezo-spectroscopic (PS) approach. CL experiments provided us with direct access to crack-
tip stress fields, thus unfolding some missing detail about the complex mechanochemical interactions

occurring at the crack tip in silica glass.
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L. Introduction.—In the engineering practice, estimates
of environmental effects on the fracture behavior of silica
glass have been long and systematically pursued according
to macroscopic strength data collected under different
environmental conditions [1,2]. The issue is relevant to
understand the basic structure of glass, its interaction
with the fracture path and, ultimately, the possibility of
extending the functionality of glass into new areas. Studies
show that crack-tip fracture mechanisms in silica glass are
indeed severely affected by the chemical environment, but
also hint that such an interaction is confined to a scale in
the order of individual atomic bonds [3,4]. It should be
noted that high-resolution stress assessments in silica glass
are hardly achievable, due to a lack of a stress sensor in its
amorphous structure. For example, no researcher has so far
succeeded in the direct measurements of crack-tip stress in
silica glass with nanometer-scale spatial resolution. The
debate on the intrinsic nature of fracture in silica glass has
recently gained renewed interest due to straightforward
(but somewhat difficult to interpret) experimental out-
comes obtained by atomic force microscopy (AFM).
Guin and Wiederhorn [5] examined the topography of
fracture surfaces on the scale of the single nanometer and
found no evidence for cavitation zone down to a size of
5 nm. These data support the view of an atomically sharp
crack propagation (i.e., an Irwin-like [6] stepwise ‘“‘elastic
rupture of interatomic bonds’”), but leave it open to debate
the possibility of lattice trapping, involving local crack
instability (i.e., accompanied by atomic-scale crack-path
deflection) in the amorphous network. On the other hand,
Célarié et al. [7] suggested the occurrence of “ductile”
fracture behavior on the nanometer scale for silica glass,
which arises from the presence of a damage/cavity zone as
large as = 20 nm ahead of the crack tip. The fracture mode
envisaged by these latter researchers can be classified with
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reference to the Hillerborg model of fracture in semibrittle
solids [8], according to which a damage zone exists ahead
of the crack tip and blunts it during propagation.

With this background in mind, we attempt here an
interpretation of the intrinsic fracture behavior of silica
glass based on a spatially resolved CL analysis. This
method exploits the optical activity of nonstoichiometric
sites in the amorphous network and uses it as a sensor for
stress analysis. A highly focused electron probe impinges
on the glass surface with a low acceleration voltage (i.e.,
= 6 kV) and stimulates the CL emission. CL spectroscopy
enables direct access to the trace of the stress tensor with a
raw resolution of the hundredth of nm. However, the exact
knowledge of the Gaussian nature of the CL probe offers
the possibility to wipe out averaging effects by a mathe-
matical deconvolution routine, thus restoring the actual
stress distribution. The CL approach probably represents
the only actual alternative to AFM scanning in directly
tackling the problem of crack-tip fracture in amorphous
silica from a microscopic point of view.

II. Experimental technique.—Two high-purity silicon
oxide materials were investigated: one was a conventional
high-purity fused silica (OP Grade, Tosoh Co., Tokyo,
Japan), whose surface was finely polished and subse-
quently annealed; the other was a specially manufactured
strain-free high-purity fused silica glass (ES Grade, Tosoh
Co., Tokyo, Japan). These two materials will be henceforth
simply referred to as ““fused silica” A and B, respectively.
A further type of silica sample, with a completely different
stoichiometry, could be obtained from a large and thick
pool of silica glass contained in trenches of an advanced
silicon-on-insulator structure. This latter glass was pre-
pared by low-pressure chemical vapor deposition of tetra-
ethoxysilane (TEOS) oxide deposited at 700 °C and further
annealing at 1050 °C. This latter type of glass will be
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simply referred to as “TEOS silica’, henceforth. Vickers
indentations were produced in ambient atmosphere on the
silica surface using a force of 5 N applied for 10 s. The
print produced half-penny-shaped cracks propagating from
the corners of the print, whose tips were analyzed by CL
spectroscopy.

Details of the CL technique applied to various kinds of
silica glass have been extensively reported in previous
publications [9-11]. Briefly, we used a field-emission-
gun scanning electron microscope FEG-SEM with
Schottky-emission type gun (S-4300SE, Hitachi, Tokyo,
Japan) as an excitation source. A high-sensitivity CL de-
tector unit (MP-32FE, Horiba Ltd., Kyoto, Japan) was
employed for the collection of light upon reflection into
an ellipsoidal mirror and transmission through a bundle of
optical fibers. The spectrum of the emitted light was ana-
lyzed using a highly precise monochromator (TRIAX 320,
Jobin-Ivon-Spex) equipped with a liquid nitrogen cooled
CCD camera. A mapping device (PMT R943-02 Select,
Horiba Ltd., Kyoto, Japan) and related software were
developed, which enabled point-grid collection with
nanometer-scale spatial resolution and nearly real-time
analysis of a large number of acquired spectra.

The electron probe was focused over the crack tip and
precisely translated to scan along the crack path in the
neighborhood of the crack tip. The area of electron im-
pingement at each CL acquisition on the silica surface was
confined to the order of few square nanometers, but elec-
trons unavoidably scattered inside the amorphous struc-
ture, the larger their onionlike broadening the higher the
selected acceleration voltage. A lower limit for accelera-
tion voltage was dictated by the efficiency of the CL
emission, which for defect emission in silica glass was
unfortunately rather low and imposed a choice of beam
voltage in the order of 3 (for the TEOS silica sample) to
6 kV (for both fused silica samples A and B). The diameter
of the electron-irradiated zone then broadened up to
600 nm (at 6 kV). On the other hand, two experimental
circumstances helped us in the experimental evaluation of
the crack tip: (i) the sampling step along the line scan
across the crack tip could be confined to few nanometers;
and, (ii) the electron broadening was Gaussian in nature,
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FIG. 1. Comparison between CL spectra collected under the
same experimental conditions in zones far away from the crack
tip in: (a) fused silica (no significant difference was found
between sample A and B); and, (b) TEOS silica glass.

which enabled us to cancel out its convolutive effects by
means of a mathematical deconvolution routine [9-11].
Spatial deconvolution was obtained by a mathematical
routine that was built up in-house using commercially
available software [MATHEMATICA 4, Wolfram
Research Inc., IL, USA (2000)].

111. Experimental results.—Figures 1(a) and 1(b) show a
comparison between the CL spectra collected under the
same experimental conditions in zones far away from the
crack tip in fused silica (no significant difference was
found between sample A and B) and TEOS silica glasses,
respectively. In both cases, the predominant feature in the
CL spectrum is observed in the red region at about 640 nm
(R band). This CL band is related to nonbridging oxygen
hole centers (NBOHC), namely, the oxygen-excess sites of
the glass network [12]. Another band of relevant intensity
can be found in the blue region between 460 and 500 nm
(band B), which instead arises from a population of two-
fold coordinated silicon centers, thus generated in the
presence of an oxygen vacancy site (i.e., an oxygen defi-
cient center, ODC) [13]. A further band in the yellow
region of the spectrum (band Y) arises from the presence
of structural water [13], while the ultraviolet band located
at about 290 nm (UV band) originates from ODC centers
[13]. The relative intensity of the above bands reveals the
local stoichiometry of the silica network and can be used
for our present purpose of characterizing the local chemi-
cal state at the crack tip of silica glass. From simple
considerations of glass stoichiometry, one would expect
the presence of intrinsic water contributing to increase the
intensity of both bands Y and R. A complication to this
scenario arises from the fact that carbon impurities on the
surface of silica also produce a rise in the CL spectrum of a
band located around 530 nm, which is time dependent and
partly overlap the band Y from structural water. On the one
hand, this places a limitation on spectral accumulation time
in CL experiments, because impinging a low-voltage elec-
tron beam for relatively long time on the surface of silica
unavoidably involves local contamination by carbon.
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FIG. 2 (color). (a) Map of band R intensity collected in the
neighborhood of the crack tip in fused silica. The crack-tip
location is indicated in the map and it was retrieved from a
SEM micrograph of the mapped area. A low-magnification map
of R-band intensity is shown in the right-top corner inset. (b) CL
spectral variation vs time as collected in fused silica just ahead of
the crack tip.
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However, this phenomenon can be used to confirm local
changes in crack-tip stoichiometry under the electron
beam, as shown hereafter. Figure 2(a) shows a map of
band-R intensity collected in the neighborhood of the crack
tip in fused silica. In the inset, a map of the same kind is
shown as collected over a large portion of the entire
indentation. In this experiment, a photomultiplier was
used and the accumulation time could be kept as short as
100 ms per each probed location in the attempt of mini-
mizing carbon contamination on the silica surface. Higher
intensity was indeed found over a region of the order of
hundreds of nanometers along the crack path and ahead of
the crack tip, which could indeed be interpreted as due to
the enhanced presence of structural water. In Fig. 2(b), CL
spectral variation is shown, which was detected in the
spectrum of fused silica collected just ahead of the crack
tip (i.e., in the zone of stoichiometry change shown in
Fig. 2(a)]. With increasing irradiation time at a fixed
location, the R band of oxygen-excess centers becomes
conspicuously annihilated by the local formation of dan-
gling bonds with contaminating carbon. This observation
can be also interpreted as a process of water depletion. It
should be also considered that long-term irradiation might
lead to a local rise in temperature with consequent evapo-
ration of water in the vacuum chamber of the microscope.

A PS approach applied to the band R enables the quan-
titative assessment of stress in silica glass [9-11]. The
output of the PS assessment applied to point-defect lumi-
nescence is an estimate of the trace of the principal stress
tensor [9-11,14]. Figures 3(a) and 3(b) show maps of such
a stress trace in the neighborhood of the crack tip, as
collected on fused silica A and B, respectively. The spatial
resolution of the two maps is =200 nm. In conventional
fused silica (sample A), the surface is dominated (i.e., even
after annealing) by residual stress patterns developed on a
mesoscopic scale. This makes the crack-tip stress field
extremely scattered and irregular. On the other hand, in
stress-free fused silica (sample B), the crack-tip stress field
shows areas of local intensification but yet better symmetry
and morphology, as typical of brittle materials. Because of
the strong influence of surface residual stresses on the
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FIG. 3 (color). Quantitative assessment of the trace of the
principal stress tensor in silica glass in the neighborhood of
the crack tip, as collected on fused silica sample A and B,
respectively.

crack-tip stress field, sample A was not investigated further.
Linear plots of experimental crack-tip stress are shown in
Figs. 4(a) and 4(b) for fused silica B and TEOS silica,
respectively. The results of a mathematical probe-
deconvolution procedure on the experimental stress pro-
files ahead of the crack tip are also shown in Figs. 4(a) and
4(b). A trial function was set according to the Irwin equa-
tion [6,15] in which the crack-morphology weight function
was assumed as given by Fett [16] for half-penny-shaped
indentation cracks. A detailed explanation of the crack-tip
data treatment and of the related computational procedures
is omitted here for brevity’s sake, but it can be found in
previously published papers [9-11]. The procedure locates
K; values of 0.70 and 0.13 MPam'/2 for silica sample B
and TEOS silica, respectively. The crack-tip stress inten-
sity results obtained by CL were confirmed according to a
quantitative assessment of crack opening displacements
from high-resolution FEG-SEM images according to a
procedure suggested by Rodel and co-workers [17,18].
The stress intensity factors obtained from least-square
fitting of the experimental COD data were K; = 0.68 and
0.11 MPam'/2 for silica sample B and TEOS silica, re-
spectively. These latter results, which were obtained by an
independent experimental approach on the same cracks
investigated by CL, show good agreement with the K;
values obtained by the PS method, thus confirming the
validity of our CL stress assessments in silica glass.
Furthermore, a lower-limit value for the actual magnitude
of crack-tip stress in the highly graded part of the plots can
be estimated by correcting the convolutive effects of elec-
tron broadening by means of a mathematical deconvolu-
tion routine that takes into consideration the Gaussian
nature of the probe [19-21]. The maximum stress after
probe deconvolution was in the order of several GPa (i.e.,
in the range 2.8-3.5 GPa) for both the investigated silica
glasses [cf. maximum stress values o, in the plateau
of the full lines plots in Figs. 4(a) and 4(b)]. Such high
crack-tip stress values locate an upper limit for the size of
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FIG. 4. Linear plots of crack-tip stress are shown in the
K;-dominated area for fused silica B (a) and TEOS silica (b),
respectively. Each data plot is the average of 5 experimental
points. The results of a mathematical probe-deconvolution pro-
cedure on the experimental stress profiles ahead of the crack tip
are also shown. From these latter plots a maximum stress value,
o™ at the crack tip was computed according to a procedure
described in Ref. [21].
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the crack-tip ““plastic” zone that, thus, should be less than
6 nm for fused silica and below the single nanometer in
TEOS silica, thus ruling out the presence of any relatively
large plastic zone.

1V. Discussion and conclusions.—From the above re-
sults, we summarize that, within the limits of resolution
and the conditions used in this study, there is no significant
stress relaxation zone at the crack tip of the silica glasses
that were studied. However, it should be noted that the
present study necessarily offers partial results and call for a
systematic investigation in a range of concentration for
intrinsic water in silica glass. In this context, it should be
noted that the investigated types of silica glass represent
paradigm materials in the field. A gradient in stoichiometry
was found at the crack tip of fused silica, which was clearly
related to the crack propagation phenomenon and could be,
in principle, attributed to a concentration of intrinsic water
in the neighborhood of the crack tip (as already suggested
by other authors [22]). In terms of crack-tip stress analysis,
this study probably cannot give a final answer in unfolding
the intrinsic strength of glass. This was due to difficulty in
lowering the acceleration voltage of the electron probe, in
turn related to a discrete nature of the stress sensor used.
Improvements in spatial resolution would require the so-
lution of CL efficiency issues for optically active defective
sites in silica glass. Nevertheless, we clearly prove here the
importance of considering, besides chemistry issues, the
microscopic residual stress fields on the surface of silica
glass. In addition, we report a direct evaluation of crack-tip
stress fields with unprecedented spatial resolution for silica
glass.

The subject of this Letter was inspired by conversations
with Doctor S. M. Wiederhorn, Professor M. Tomozawa,
Professor T. Rouxel, Professor C. Pantano, and Doctor M.
Ciccotti during the EFONGA Meeting 2009 in
Montpellier, France.
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