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Abstract

The surface damage and induced cracks around Vickers indents in soda-lime-silicate glass have been examined for the first time in 3D by cross-
sectioning the indents using a highly focused ion beam (FIB). The 3D FIB tomographic analysis determines quantitatively both the location and
3D shape of individual cracks within a cluster around an indentation, and the 3D FIB technique will be applicable to analyse other types of surface
damage in amorphous materials. For silicate glass it is shown that increasing the applied indent load from 50 to 200 g, results in a significant
increase in measured crack density and 3D interconnections. It is also observed that the planar FIB cross-section surfaces cut through the very

centre of the indents can undergo time-dependant strain and bulge outwards in order to relieve high local residual stresses.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Soda-lime-silicate glasses are widely used as commercial
glasses, for example as windows and glass containers. Silicate
glasses are known to be brittle amorphous materials, and brittle
fracture results from applied stresses. !> The deformation of sil-
icate glasses depends on many factors including composition,
surface finish, environment, applied pressure, temperature and
time.! ™

Plastic deformation at glass surfaces can be produced at
room temperature by scratches and indentations using sharp or
rounded punches at loads as small as 2mN.?>-® Loading with a
sharp indenter like Vickers or Knoop diamonds typically results
in a permanent plastic impression on the surface and a sub-
surface plastic deformation zone.>®° These residual damage
zones contain a significant population of cracks with observed
morphologies including radial, median, half-penny, and lateral
cracks.>®10 The system of cracks observed at a given inden-
tation site depends on the material composition, environment,
surface finish, indenter geometry, and peak contact load, and
any, or all, of the main crack morphologies may be present for
different combinations of these variables.?
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The microstructure within the residual damage zones in glass
have been analysed in 3D by a number of optical-based meth-
ods including confocal microscopy, optical imaging through the
transparent material and imaging of serial sections obtained by
acid dissolution of the surface.”-!! These optical methods suffer
from limitations in resolution making it difficult to image any
but the biggest cracks in the 3D network.

It has been recently shown that the microstructural defor-
mation and induced cracks around indents and scratches can
be studied by cross-sectioning the localized damage site using
a highly focused ion beam (FIB).'>!6 The 3D FIB tomog-
raphy method involves milling serial cross-sections through
a surface by FIB, imaging each sequential 2D section (typ-
ically by secondary electrons (SE)), and then aligning the
2D images of the sectioned material to reconstruct the 3D
microstructure using specialized software (e.g. IMOD, IDL or
Amira).!”

In this work 3D FIB tomography has been applied for the
first time to the analysis of subsurface damage beneath Vickers
indentation sites in soda-lime-silicate glass. This enables the
first direct measurement of the geometry and size of individual
cracks within the damage zone. The 3D crack morphologies
and densities obtained from the FIB tomographic analysis are
compared for Vickers loads of 50, 100, and 200 g applied to
the same material under identical indentation conditions. The
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results are discussed in light of possible artefacts arising from
the invasive serial sectioning technique.

2. Experimental procedures

The glass used for these studies was standard commercially
available soda-lime-silicate glass (Menzel-Glaser, Germany) of
composition 14.30 wt% soda (NayO), 6.40 wt% lime (CaO) and
72.20 wt% silica (Si07). The samples were 1 mm thick and had
a surface finish <1 pm.

2.1. Indentation procedure

A microhardness tester (Mitutoyo) was used to indent the
glass sample under ambient conditions (24 °C, ~43% relative
humidity) using a diamond Vickers indenter tip loaded to 50,
100 and 200 g and dwell time 15 s, keeping a constant tip and
sample orientation between sequential indents.

2.2. Microstructural and FIB tomographic analysis

Samples were imaged and sputtered using a JSM 6500F SEM
fitted with an Orsay Physics FIB column. The FIB-SEM samples
were pre-coated with <20 nm of carbon to prevent charging and
reduce ion beam damage. FIB trenches through the indentation
sites were sputtered using 30kV Ga® ions and beam currents
of 50-250pA. For 3D FIB tomography, the gallium focused
ion beam was used at normal incidence to locally cross-section
the indentation sites, and SEM secondary electron (SE) images
were taken of each sequential x—y 2D slice at a tilt angle of 55°
(see Fig. 1). The dimension of the 3D volume analysed for the
100 g indent site was x=25 pum, y=8 um, z=22 um, total vol-
ume ~4400 Mm3, and for 200 g indent site the 3D volume was
x=30pum, y=11 pwm, z=29 wm, total volume ~9600 pwm?>. To
analyse these 3D volumes in a reasonable time, a microscope
magnification of 3700-5000x was used, and the separation, z,
of the 2D FIB sections was ~0.8 pwm. The 2D SE images were
aligned and corrected for drift using cross-correlation of features
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Fig. 1. Schematic of FIB serial sectioning geometry.

on the surfaces of the sample.!4"'® Cracks were identified and

traced in each 2D section, and a mesh was generated to inter-
polate between sequential sections and display the analysed 3D
volume using IMOD software.!”~1°

3. Results and discussion
3.1. Microindentation of silicate glass

The residual damage at the Vickers indentation sites, loads
50, 100 and 200 g with identical diamond tip and crystal ori-
entation, was imaged by SEM at 15kV. The Vickers hardness
of the silicate glass sample under ambient conditions (24 °C,
~43% relative humidity) was found to be 5.55 GPa &= 2% aver-
aged over four indents, which is within the expected range,
e.g. the reported value of 5.9 GPa.’ Imaged after fifteen days
of indentation, the 50 g indent sites did not show any observable
radial cracks (Fig. 2(a)), in contrast to 100 and 200 g sites where
radial and circumferential cracks were observed in increasing
density (Fig. 2(b and c)). The depths of residual damage craters
were measured to be ~3.7 um for the 100 g indent sites and
~5.25 pm for the 200 g sites.

Fig. 2 shows the two types of cracks visible on the surface
around these indentation sites, namely (i) radial cracks, and (ii)
circumferential cracks.>”2%21 Most of the 100g indent sites
showed only three radial cracks, of maximum length 12 pm,
which connect to the outermost circumferential cracks. The
higher load 200 g sites showed four radial cracks of maximum
length 25 pm eminating from the corners of the residual indent
impression (Fig. 2(b and c)). In brittle materials radial cracks
typically initiate near the edges of the Vickers indenter tips
where there is the highest stress concentration.>?> Some of the
radial cracks in this study showed a small surface offset from
the corners of the residual indent impression, which may arise
when cracks nucleate subsurface and deviate as they propagate
upwards towards the free surface.

The surface observations of the cracks around the Vickers
indentations in silicate glass (Fig. 2) are consistent with those
previously reported in other comparable studies.>”-?%2! In addi-
tion to the cracks, a spidery zone of light grey contrast was
also observed to surround the residual damage zone and surface
cracks (Fig. 2). This effect was only observed on specimens
with a carbon coating. It appears to originate from microstruc-
tural changes of the carbon film due to topographic changes
at the indentation site occurring after the C-film was deposited.
Silicate glasses are known to be viscoelastic materials, and time-
dependant changes at the indentation site to reduce stress are
discussed further in Section 3.3.

3.2. 3D FIB tomography of cracks around Vickers
microindentations in glass

The significant number of cracks which nucleate and prop-
agate to relieve the high local stresses generated during the
indentation process form a complex 3D network. FIB tomog-
raphy can be used to characterise in 3D highly localized surface



F. Elfallagh, B.J. Inkson / Journal of the European Ceramic Society 29 (2009) 47-52 49

Circumferential

Circumfgrential
crack

Radial cracks : F 7
Circumferential

Radial

.cracks l——‘

Fig. 2. SE images of Vickers indentation sites in silicate glass with radial and circumferential crack patterns. (a) 50 g load. (b) 100 g load. (c) 200 g load. The depths
of the residual damage crater are ~3.7 wm for the 100 g site and ~5.25 wm for the 200 g site.

damage such as from indents and scratches,'>~'# and FIB tomog-

raphy is applied here for the first time to quantitatively analyse
the 3D crack distribution in silicate glass.

3.2.1. Subsurface crack analysis

Deep trenches ~25 wm wide and 8—11 pm deep were sput-
tered by FIB on one side of the Vickers microindentations
aligned symmetrically with (and parallel to) one of the diag-
onals (Fig. 1). The specimen volume containing the indent was
then serially sectioned, taking a 2D SE image of each new cross-
sectional surface to image the crack distribution. Fig. 3 shows
typical images of cracks observed underneath the residual indent
impression for 100 and 200 g Vickers microindentations.

Two major crack systems, circumferential and median cracks,
were observed beneath the 100g indentation site in glass
(Fig. 3(a and b)). The median crack extended deep into the mate-
rial to maximum depth of >9 wum, connecting to the surface at
two opposite radial crack positions forming a so-called a semi-
elliptical shape crack (see Fig. 4,723). At the centre of the indent,
the median crack remained subsurface, remaining below the cen-
tral plastically deformed deformation zone (Fig. 3(b)). The same
median crack system was observed beneath the 200 g site except
that the median crack was connected to three radial cracks, i.e.
one radial at one corner of the residual indent impression and a
radial and a branching secondary radial on the opposite side of
the indentation site (Fig. 3(c)).

The major cracks observed in the 2D FIB sections appeared to
have a wider profile than that observed at the top surface prior to
sectioning, indicating some crack opening at the new free surface
due to the removal of the confining material. In some of the 2D

(®)

FIB cross-sections it was also observed that the SE contrast
varied across some of the new FIB-cut free surfaces (Fig. 3).
This appears to be due to topographic SE contrast arising from
some bulging of the material to relieve residual stress, especially
in the areas of the new free surfaces furthest from cracks and
boundaries (Fig. 3). This effect is discussed further in Section
3.3.

3.2.2. 3D tomographic reconstructions of crack
distribution under indents

3D tomographic maps of the subsurface cracks under the
indent sites were generated from multiple 2D cross-sections
using IMOD software.!” Fig. 4 shows the 3D reconstructions
from 21 sections through a 100 g indent site and 14 sections
through a 200 g indent site. The main features of the observed
3D crack distributions are:

i. Anincreasing crack density observed with increasing inden-
tation load. 2 major cracks can be clearly identified under
the 100 g indent and 6 major cracks under the 200 g indent
site.

ii. Median-radial cracks occurring perpendicular to the surface
beneath the indentation site corners, and running under the
centre of residual plastically deformed zone with orientation
deviating by ~20° from the vertical plane to form a semi-
elliptical crack shape. The maximum depth of this crack for
the 100 gindent is >9 wm, with crack surface area >160 pm?.

iii. Circumferential cracks, the outermost being inclined to the
original surface plane by ~30°. The major circumferential
crack observed at the 100 g indent site had maximum depth

Median-Radial [ .
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Fig. 3. SE images of FIB cross-sections through Vickers indentation residual damage zones in soda-lime-silicate glass. (a) 100 g indent site after first section. (b)
100 g indent site sectioned through the centre (c) 200 g indent site after 14 sections, with complete removal of the residual indent impression.
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Fig. 4. 3D FIB tomographic maps of crack distributions under (a and b) 100 g and (c and d) 200 g Vickers indentation sites, viewing angle 55°, where R, C and MR
indicate radial, circumferential and median-radial cracks. (a and ¢) Crack maps without mesh. (b and d) Crack maps with a mesh connecting sequential 2D sections,

overlaid with an image of the specimen geometry.

~2 um (Fig. 4(a and b)). The circumferential cracks for
the 200 g indent propagated further towards the indent cen-
tre and linked up with the median and radial crack system
(Fig. 4(c and d)).

The process of FIB tomographic sectioning can have
an invasive effect on the observed crack distribution due
to microstructural changes induced by sputtering and stress
changes.!?1324 A significant feature of the 3D FIB tomographic
analysis of the cracks in glass is that the density of circumfer-
ential cracks observed on the surface of the sample (by SEM,
Fig. 2) is higher that the crack density observed beneath the
indentation site (Figs. 3 and 4). This effect, also seen in FIB
tomography of indents in alumina,”* may arise (1) due to there
being a size threshold for crack observation, possibly due to FIB
sputtering of material into the finest cracks masking their pres-
ence, and/or (2) that the FIB sectioning procedure is resulting in
some minor crack closure due to stress changes.

FIB tomography induces local changes in the residual stress
state of the material being examined.?* The change of stress is
both a function of the geometry of the FIB-sputtered trenches
cut into the material, and their location with respect to the pre-
existing microstructure and residual stress state of the sample,
for example proximity to the central residual plastic damage
zone of an indent.'>?* In alumina it has been observed that the
removal of the highly stressed central residual plastic damage
zone of the indent during FIB tomography results in a reduc-
tion in both the residual stress and observed crack density in
the remaining material.>* For the silicate glass indents exam-
ined here, only a very small number of cracks to relieve stress
were observed in the 2D FIB cross-sections through the Vickers
indents compared to alumina samples indented with the same

applied load. The residual stress existing in the indented glass
was observed to drive time-dependant viscoelastic creep, dis-
cussed in the next section.

3.3. Stress relief in silicate glass at indentation sites

The indentation of the silicate glass results in a zone of resid-
ual plastic deformation and stress. Silicate glasses are known
to be viscoelastic, and it is expected that a significant residual
stress field can drive material diffusion over time, leading to local
stress relaxation and viscoelastic creep.?® Here it is observed that
ultrathin carbon films deposited over indentation sites undergo
detectable contrast changes in the vicinity of the residual indent
impressions and associated surface cracks (Section 3.1, Fig. 2).
This appears to be driven by post-indentation topology changes
within the deformation zone. SEM images of similar silicate
glass samples which have been indented and then annealed to
reduce the residual stress before carbon coating do not show
this effect, as expected with no significant stress field to drive
time-dependant strain.

The process of cutting a FIB trench into the indented glass
to enable FIB tomography enables residual stress to be relieved
at the new free surface. There is some evidence that existing
cracks can open up at the new free surface (Fig. 3). Perhaps
more dramatic is the strong SE contrast variations observed at
the 2D FIB cross-sections cut through the deformation zones
(Fig. 3). Similar zones of bright SE contrast have also been
observed under alumina indents.>* Here, the contrast appears to
arise from topographic SE contrast due to rapid deformation of
the glass outwards from the FIB-cut plane especially in the areas
of the new free surfaces furthest from cracks and boundaries
(Fig. 3(b)). The bulging of material to relieve residual com-
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Fig. 5. SE images of material bulges at FIB cross-sections through indents in silicate glass. (a) 50 g indentation imaged immediately after FIB sputtering (b) FIB
section in (a) after 3 weeks showing viscoelastic flow. (c) Material bulge at a 2D FIB section through a 100 g Vickers indentation site. (d) AFM image of the mid

area of the same 2D section in (c).

pressive stress was observed on FIB cross-sections through the
centres of all 50, 100 and 200 g silicate glass indents.

Fig. 5(a) shows the bulging of material at a FIB cross-
sectional surface through a 50 g indent site directly after milling
the FIB trench. The same FIB trench was imaged 3 weeks later
(Fig. 5(b)), where it can be seen that significant time-dependent
strain (viscoelastic creep) has occurred to reduce the local resid-
ual stress further, causing growth of the bulge. The existence
of the bulges in big FIB trenches can be confirmed by AFM
(Fig. 5(c and d)).

The immediate and viscoelastic displacement of the silicate
glass at the FIB-cross-sections is a function of the local residual
stress field. For a given FIB cross-section, the maximum dis-
placement of the glass at any given time occurred about 2—5 pm
below the original free surface of the specimen, correspond-

Material bulge

Fig. 6. SE image of a FIB cross-section through a 50 g indent on silicate glass
annealed at 550°C for 1h, showing reduced material bulging due to stress
compared to an un-annealed indent (Fig. 5(a)).

ing to the maximum compressive stress zone. The displacement
also increased with distance from any cracks (which reduce
stress, Fig. 3(b)) and the side and bottom restraining walls of the
FIB trench. The bulging of the material could be significantly
reduced by annealing the glass sample after indentation to reduce
the residual stress. Fig. 6 shows a FIB cross-section through a
50 g indent after annealing at 550 °C in an argon environment
for 1 h before FIB sectioning. The material relaxation at the new
FIB-cut free surface, and hence associated topographic SE con-
trast, has been drastically reduced compared to the as-indented
50 g sample (Figs. 5(a) and 6).

4. Conclusions

Crack morphologies around Vickers microindentations in
soda-lime-silicate glass samples have been analysed in 3D using
FIB tomography. It is shown that:

e The location and 3D shape of individual cracks in silicate
glass, including radial, median and circumferential cracks
within a cluster around an indentation, can be quantitatively
determined.

e There is a systematic increase in measured crack density and
3D interconnection resulting from Vickers indents in silicate
glass as the load increases 50g — 100 g — 200 g.

e Semi-elliptical cracks, resulting from subsurface medians
joining to radials, were observed beneath indentation sites
at 100 g and 200 g loads. The orientation of these cracks devi-
ated by up to ~20° from the vertical below the residual plastic
zone.
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e Time-dependant strain of silicate glass was observed at FIB-
sputtered free surfaces cut through the residual compressive
stress zones under the indent sites.

e The viscoelastic material displacement at the FIB trenches
can be significantly reduced by annealing the glass to reduce
the local residual stresses.

It is concluded that FIB tomographic analysis is a useful
technique to investigate the major features of the crack distri-
bution around indents and surface wear in silicate glass. The
major crack morphologies are consistent with those identified
via optical and 2D electron microscopy methods.>?> The 3D
FIB tomography technique gives the added benefit of charac-
terising quantitively the 3D shape and size of individual cracks
and crack networks at high spatial resolution, and at a surface
location that can be chosen with <100 nm spatial resolution.

However it is also observed that the FIB tomography tech-
nique must be applied with great care in glasses. FIB sputtering
causes changes in residual stress close to FIB trenches.”* Dur-
ing FIB tomography of silicate glass, relaxation of stress can
generate time-dependant bulging of material at the FIB cross-
sections, which increases with time after the FIB processing due
to viscoelastic creep. For the case of analysis of Vickers microin-
dentations in glass, this material relaxation can be reduced by
annealing the sample prior to the FIB tomographic sectioning.
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