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The indentation test using a sharp diamond indenter, such as a Vickers indenter, has been long employed for com-
paring mechanical properties among various glass compositions, because of its simple procedure and easy opera-
tion. However, mechanisms of permanent deformation and crack nucleation in glass are far from simple. This has
made it difficult to understand what controls the threshold load for cracking in a certain glass during indentation.
In this review, the author’s works on indentation-induced deformation and cracking in glass are introduced, and
relevant issues on the indentation technique are discussed. Especially, it is pointed out that permanent den-
sification of glass under the indenter is a key phenomenon which controls the following cracking event. Further,
it is also shown that the micro-photoelastic observation system, by which the indentation-induced stress field can
be visualized, and the indentation microscope, which enables one to measure the contact area between glass and
the indenter, are powerful tools to stimulate new and fresh ideas for improving mechanical properties of glass.
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1. Introduction

It was over 70 years ago that Taylor first reported per-
manent imprints on glass surface after Vickers indenta-
tion." He also noted that the size of the imprint varied with
glass composition. This was the first report on composi-
tional variation in hardness of glass. Although Taylor did
not state about why glass behaved plastically under the
indenter, other researchers tried to find out the origin of the
plasticity of glass. After 19 years from the Taylor’s note,
Ernsberger proposed from his interferometric observation
that hardness of glass did not have the same meaning as
hardness of metals, and that hardness number of glass was
a measure of hydrostatic pressure (sometimes assisted by
shear stress) for initiating permanent densification.?) It is
not surprising that this hypothesis was able to be led by the
discovery of permanent densification of glass under high
hydrostatic pressure.” At that time, however, it remained
unclear how shear stress under the sharp indenter affect-
ed the indentation-induced deformation, or hardness, of
glass. After two years from Emsberger’s hypothesis, Peter
reported that not only permanent densification but shear
flow occurred in oxide glass under a sharper diamond
indenter, and that deformation mechanism, densification
or shear flow, in glass under a given indenter varied with
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glass composition.” As evidences of shear flow in glass,
he showed the pile-up around the indentation imprint and
slip-lines which are curved lines developed under a con-
tact region between glass and the indenter. In his paper,
Peter concluded that the permanent densification under the
indenter was a more general property of glasses, whereas
shear flow in glass at room temperature seemed to require
a minimum percentage of network modifiers. According
to this Peter’s finding, Yamane and Mackenzie proposed
an equation for direct calculation of Vickers hardness of
glass from its chemical composition.” Their method is
based on a consideration of three kinds of deformation
modes during indentation, which are elastic deformation,
shear flow deformation, and permanent densification. They
assumed that Vickers hardness of glass represented the
resistance to these deformations, all of which can be
related to elastic moduli of the glass. The model proposed
by Yamane and Mackenzie is very suggestive with regard
to the origin of plastic deformation in glass. The reason-
able agreement between their model and experimental data
suggests that plastic deformation in glass may be in an
elastically-stressed and frozen-in state. In order to learn
more about the plasticity of glass not only under the
indenter but under various loading conditions, one can
refer to the chapter of the recently published book and to
the references in it.%

Following the pioneering works stated above, Arora
et al. reported that different crack patterns around the
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indentation imprint originated from different deformation
mechanisms.” Anomalous glass like silica or Pyrex glass
deforms predominantly by permanent densification, where-
as normal glass like soda-lime glass deforms by both
densification and shear flow. This is in line with Peter’s
finding. The different deformation mechanisms result in
different residual stress fields to leave different crack pat-
terns. It may be not surprising, but Arora’s paper reminds
us that indentation deformation is followed by cracking,
or brittle behavior of glass. Not only experimental works
but analytical models®'? promoted better understanding
of the indentation-induced cracking. Actually, Cook and
Pharr!'! reported that Yoffe’s model® successfully repro-
duced dynamic cracking sequences and crack geometries
for some glasses (four types of glasses) during the inden-
tation loading-unloading cycle. However, detail composi-
tional variation of the driving force for cracking was
unclear, although it was known that crack initiation load of
glass during Vickers indentation varied distinctly with glass
composition.'” Nevertheless, the indentation test is still
one of the simplest solutions in order to compare damage-
ability among glass compositions.

In this review, the author introduces some techniques
to evaluate compositional variation of the indentation-
induced deformation and cracking in glass, especially in
oxide glass. These techniques include a novel in-situ eval-
uation method to determine the indentation-induced stress
field in glass and an in-situ observation set-up to determine
the contact area and the cracking sequence of glass under
the indenter. In addition, a future perspective to obtain
deeper insight into brittleness of glass is also surveyed.

2. Classification of densification and shear flow
in glass under an indenter

As stated above, it has been reported that the deforma-
tion mechanism of glass under an indenter depends on
glass composition. It also affects subsequent cracking
behavior. Therefore, in order to understand the origin of
the compositional variation of cracking in glass, we should
focus closely on the deformation mechanism, which is one
of the fracture precursor phenomena.

It is known that an indentation imprint on glass can
be partially recovered by thermal annealing at around its
glass transition temperature.'3~'>) The amount of thermal
shrinkage of the indentation imprint depends on glass
composition, and the shrinkage process results from vol-
ume relaxation of densified glass.'® However, the previous
studies'?'> focused only on one-dimensional (the diag-
onal length of the imprint) shrinkage. Using an atomic
force microscope (AFM) or a scanning probe microscope,
one can determine the volume difference in an indentation
imprint before and after annealing.'” The present author
assumed that the volume difference corresponds to the
densified volume during indentation. The indentation lost
volume depends on glass hardness. The smaller indenta-
tion volume means the larger hardness. Therefore, in order
to compare the sensitivity to densification of glasses with
different compositions, the present author proposed a

parameter, which is the ratio of the recovered volume by
annealing to the initial indentation lost volume.!” This
parameter represents the densification-contribution of a
given glass under the indenter. It is also noted that indenter
geometries, such as the tip-angle or the number of ridges,
change the densification-contribution of a given glass.'®

The annealing of the indented glass was performed in
air.!” The annealing temperature and time were deter-
mined to be Tg x0.9 (K) and 2 h, respectively, where Tg is
glass transition temperature. Because viscous flow kinetics
for silicate glass at the annealing temperature is very slow
in comparison to the experimental time,'” one can ignore
the viscous flow during the annealing. In addition, the
annealing time is long enough to achieve the complete
recovery of the densified region. These experimental con-
ditions were derived from the annealing behavior of a
hydrostatically densified silica glass.'® Of course, how-
ever, relaxation kinetics of the densified glass (the indented
glass) should depend on the glass composition, or on the
temperature-viscosity relation of the glass. Therefore, Tg
%x0.9 (K) and 2 h should be regarded as one proposed con-
dition in order to compare the densification-contribution
among various glass compositions.

Before and after annealing, geometries of the indenta-
tion imprint were measured by using AFM. The procedure
is schematically represented in Fig. 1. The volume ratio
of annealing recovery, Vg, is calculated by the following
equation,'”

(Vi = V) + (V= ViH)
= ,

1

Ve =

ey

Indenter

\v/' ‘ 13 Vickers indentation
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4) AFM chservation of
indentation

Fig. 1. Schematic procedure for measuring the indentation vol-
ume before and after annealing. V™, Vﬁ, D; are the indentation
lost volume, the pile-up volume, the indentation depth before
annealing, respectively. V-, V., D, are the indentation volume,
the pile-up volume, the indentation depth after annealing,
respectively. This figure is reproduced from Ref. 17.
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Fig. 2. A relation between Poisson’s ratio and the volume ratio
of annealing recovery, Vx. The dotted line is a guide for the eyes.
Black circles, purple squares, and green triangles are obtained
from Refs. 17, 20, and 21, respectively. The unpublished data
point of GeO, glass is also plotted as a blue circle. This figure is
reproduced from Ref. 22.

where V.~ is the indentation lost volume before annealing,
V, is the indentation volume after annealing, V;" is the
pile-up volume before annealing, and V" is the pile-up
volume after annealing. It is assumed that both changes in
the pile-up, (V;” — Vi*), and in the indentation volumes,
(V™ — V), are constituent of the total densified volume,
and that the initial pile-up, V" is formed during the unload-
ing cycle, not during the loading cycle. In other words, V;*
is a part of the compressed volume at a maximum load.
Since the densified volume is regarded as a part of the
indentation lost volume, Vi should be the ratio of the
recovered volume to the initial indentation volume, V™, not
the ratio of the recovered volume to (V;~ — V;"). For some
silicate glasses, the assumption that V" is formed during
the unloading cycle was confirmed experimentally from
in-situ observation by using an indentation microscope,'?
but it may not be the case for much softer glasses.

Figure 2 shows a relation between the volume ratio of
densification for Vickers indentation and Poisson’s ratio of
glass. Although the data points are scattered, the volume
ratio of densification, or the densification-contribution, has
a tendency to decrease with increasing Poisson’s ratio.
This means that higher ability of a glass to exhibit vol-
ume change in the elastic regime (lower Poisson’s ratio)
would result in higher sensitivity to permanent densifica-
tion under a Vickers indenter. However, it is noted that not
only Poisson’s ratio controls the densification of glass
under the indenter. Some borate and borosilicate glasses,
in which oxygen coordination number of boron would
increase under high pressure or under a sharp indenter,
show higher values of the densification-contribution than
that estimated from their Poisson’s ratios.?3)-2%)

As Yoffe’s model showed,® the indentation-induced
densification improves the resistance to median/radial
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Fig. 3. A relation between the CR and recovery of indentation
depth. The labels of A to H denote commercial glass compo-
sitions. The legends of 0B,03, 20B,03, and 40B,03 denote glass
compositions of 20Na,0-80Si0,, 20Na,0-20B,03-60Si0,, and
20Na,0-40B,03;-40Si0, (mol %), respectively. The other data
points represent other borosilicate glass compositions. All the
data are obtained from Refs. 27 and 28. This figure is repro-
duced from Ref. 22.

cracking during the indentation cycle. According to her
model, densification reduces the driving force for median/
radial cracking to increase in crack initiation load.
Figure 3 shows the experimental confirmation of her
model. With increasing the depth ratio of indentation
impression, which also corresponds to the densification-
contribution, the crack initiation load increases. In Fig. 3,
the crack initiation load is defined as the load where the
crack forming probability after Vickers indentation is
50%.272%® Similar relations between the densification-
contribution and the crack initiation load have been report-
ed.?92529 However, various counter-examples of this rela-
tion were also reported (See the Ref. 24). This is probably
due to coordination change of network forming cations dur-
ing indentation and/or different intrinsic strength in glass.
The relation shown in Fig. 3 implies that the densification-
contribution of glass under the indenter is one of various
controlling factors for median/radial cracking in the glass.

The indentation test has been long used to mimic a con-
tact damage in glass against collision of a foreign body.
This is primary because the Vickers indentation test can
create median/radial cracks which propagate perpendicu-
lar to a glass surface, and one of which would be the frac-
ture origin. Figure 3 suggests that the high-crack-resistant
glass with a high crack initiation load stems from its high
sensitivity to permanent densification under the indenter.
However, shear flow is another energy-dissipated process
during the indentation. The mechanism of shear flow in
oxide glass is still unclear, although some challenging
approaches are now ongoing. For example, Martinet et al.
pointed out that shear stress promoted an increase in the
relative proportion of 3-membered Si—-O rings in silica
glass, which are highly distorted structure in the glass.>”
Furthermore, Rountree et al. and Sato et al. reported that a
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Fig. 4. Photos and schematic drawing of the experimental set-up for birefringence measurements during and
after indentations. (a-1) and (a-2) are a photo of the set-up and a close-up picture around the indenter, respec-
tively. (b) is a schematic drawing of the set-up. The figure (b) is reproduced from Ref. 41.

permanent anisotropy was created and frozen-in under
shear flow on silica glass.>"3? It is also noteworthy that
amorphous Al,Oj3 thin-film can permanently deform under
mixed shear and compression loading at room temper-
ature.>® These reports imply that a variety of metastable
structures in amorphous oxide under shear may also con-
trol a threshold condition for cracking. A much better
understanding of shear flow in glass will help one to make
a correct interpretation of complicated compositional vari-
ation of indentation cracking.

3. Quantitative evaluation of the indentation-
induced stress field during the indentation

As shown in the previous section, driving force for
median/radial cracking is effectively reduced by perma-
nent densification of glass under the indenter. However,
there have been very little experimental reports available
for quantitative evaluation of the indentation-induced
stress field in glass. This is because stress determination
of the indented glass is still a challenging task. Further-
more, the cracking in glass occurs during indentation, not
after indentation (, although sometimes we can see pop-in
cracking after complete unload). Thus, we should focus on
a dynamic change in stress distribution during indentation.

There are two successful examples for determining the
stress field around the indentation imprint. One is the
double-indentation technique, in which small cracked
indentations are used as a stress prove on surface,>*-3%
and the other is the cathodoluminescence technique, in
which piezo-spectroscopy assessments are applied to

obtain a stress map on surface.3”) These techniques have
advantages in some cases, but cannot be applicable to
in-situ measurements of stress field during indentation and
to measurements of interior stresses of glass under the
indenter. One important solution is a birefringence tech-
nique, which uses artificial double refraction of a stressed
glass. This technique has a long history. In 1922, for
example, Dalladay and Twyman reported the tensile and
compressive stressed regions below a scribe line on a glass
plate by using the birefringence technique.’® They dis-
covered the localized tensile stress just below the scribe
line, which would be the driving force for median crack-
ing. Of course, however, the limited spatial resolution of
their technique at that time did not permit evaluation of
the stress field around an uncracked indentation imprint.
With an aid of the integrated photoelasticity®® and a
liquid-crystal compensator,*” nowadays, stress compo-
nents around a small imprint can be determined from retar-
dation and azimuth of transmitted polarized light. If we
use an axisymmetrical indenter like a spherical or a coni-
cal indenter, we can obtain a 3-dimensional stress map of
the indented glass with a high spatial resolution of ~1
um.*4? Figure 4 shows photos and a schematic drawing
of the birefringence measurement system.*!) A square
glass fiber with a dimension of 0.5 x 0.5 x 20 mm® was
placed in a transparent boat in which the index matching
oil was filled. During indentation, retardation and azimuth
(slow axis orientation) were measured using the LC-
PolScope system*? including a charge coupled device
(CCD) camera, a liquid-crystal compensator, an analyzer, a
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Fig. 5. Stress maps of maximum principal stress of silica glass during a ball indentation at 1.5 N. The radius of
the diamond ball indenter is 0.05 mm. Birefringence stresses and Hertzian stresses are shown in (a) and (b),
respectively. Fine black lines in the maps represent the direction of the principal stress.

quarter-wave plate, a polarizer, and an interference filter.
The indentation load can be controlled using the z-stage
and monitored with a load cell.

Figures 5(a) and 5(b) show an experimentally deter-
mined “elastic” stress field of silica glass (Young’s mod-
ulus and Poisson’s ratio are 73 GPa and 0.17, respectively.)
under a diamond ball indenter (Its radius is 0.05 mm.) and a
corresponding analytical stress field using Herzian equa-
tions,*4?) respectively. In Figs. 5(a) or 5(b), the coordi-
nate origin (the upper left corner) corresponds to the con-
tact point. The Hertzian principal stresses and their trajec-
tories were calculated using the values of Young’s modulus
(1141 GPa) and Poisson’s ratio (0.07) of the diamond
indenter. The birefringence stress map agrees, to some
extent, with the analytical solution. In Fig. 5(b), the tensile
stressed region (the red region) is found on a sample
surface near the contact edge, which is about r = 9 um from
the Hertz equation. This surface-localized tensile stress is
also observed in the experimental result [Fig. 5(a)], and it
actually causes ring/cone cracking.*V4?)

Although the birefringence technique is straightforward
and effective to evaluate the stress field around the contact
point, it includes a serious issue of the algorithm used. At
a present stage, stress components are assumed to satisfy
linear elastic constitutive equations. This means that much
care should be taken if one wants to determine residual
stresses or stresses during elasto-plastic deformation. The
issue has not been solved yet, but we can compare the
stress fields among glass compositions if the stresses are
predominantly elastic. The present author and his collea-
gues reported the estimated principal stress maps of silica
and soda-lime glasses during both loading and unload-
ing at a load of 0.5N.%? Although the stress maps during
loading looked like each other, the stress maps during
unloading, which were affected by plastic deformation,
were different between two glasses, because the mecha-
nisms of plastic deformation are different. Silica glass
prefers densification, whereas soda-lime glass does shear
flow, as stated above. Therefore, it is highly expected that
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future studies will improve the algorithm to obtain much
more quatitative stress fields of plastically deformed
glasses.

4. |In-situ evaluation of mechanical responses
of glass by using an indentation microscope

The indentation-induced cracking is always accompa-
nied with elastic or elasto-plastic deformation. In other
words, the deformation mechanism affects the driving
force for cracking. Therefore, in order to know when,
where, how a crack nucleates during the indentation, direct
observation of a contact region between glass and the
indenter would be indispensable. However, there have
been limited number of researches focusing on in-situ
observation of elasto-plastic deformation of glass under
the indenter. Lawn et al. first reported that the in-situ
observation apparatus enabled one to observe the crack
pop-in kinetics.***» Following these works, Cook and
Pharr reported cracking sequences and crack geometries of
some glasses and transparent ceramics under a Vickers
indenter by using their observation system,'" and con-
cluded that the cracking sequence during an indentation
cycle can be predicted from an indentation-induced stress
field which depends on a modulus-to-hardness ratio (or
elasticity index shown below) and (in the case of glass) on
the contribution of permanent densification under the
indenter. Such an in-situ observation apparatus is useful
not only for evaluation of the cracking kinetics among
various glasses and ceramics, but for evaluation of a real
contact area during indentation.*34®)

The contact area at a given load is important to evaluate
in-situ hardness, or contact pressure, and indentation mod-
ulus of a material. This is because the contact pressure is
directly linked to the indentation-induced stress field. For
depth-sensing indentation, the contact area during inden-
tation is estimated from an indentation depth using a cali-
bration procedure, not from direct observation. The most
popular procedure to estimate the contact area from the
indentation depth is the one proposed by Oliver and
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Fig. 6. Photo (a) and schematic drawing (b) of the indentation microscope. In the photo (a), the indentation
system is placed on the stage of the inverted microscope. The figure (b) is reproduced from Ref. 48.

Pharr.*” For glass mechanists, however, a serious issue is
that no one knows any effects of densification deformation
on the estimation procedure of the contact area. Therefore,
determination of the true contact area is indispensable for
estimating the contact stress of glass during indentation.
Although the previous researchers took oxide glass as one
of ceramic materials with high elasticity indices, H/E
(, where H and E are hardness and Young’s modulus
respectively), compositional variation of mechanical re-
sponses of oxide glass under the indenter must be focused
on in order to understand the origin of wide variety of
brittle responses of glass.

Figure 6 shows a photo and a schematic drawing of the
self-made indentation microscope.*® A commercial invert-
ed microscope was used in order to observe the indentation
sequence from below. A Vickers indenter was driven at a
constant rate by using a piezo-actuator. The indentation
load was monitored with a load cell. In order to obtain
much clearer images with a higher resolution, it was indis-
pensable to use an objective lens with an aberration cor-
rection ring. This objective lens is the one designed in
order to observe specimens (for example, liquid crystals)
through a glass substrate. The image can be directly
recorded by a CCD camera in the bright field. In addition,
the indentation depth, which is the position of the tip of
Vickers indenter from a sample surface, can be measured
by averaging the sensing values of two capacitive air gap
Sensors.

Figure 7 shows relations between indentation load and
in-situ contact area for three kinds of silicate glasses. In
order to reduce cracking, which disturbs determination of
the contact area, the indentation test was performed under
N, flow. From the slope of the loading curve for each
glass, “in-situ” Meyer hardness, which is the load divided
by the in-situ projected contact area, can be calculated.
In-situ Meyer hardness of silica, soda-lime, and lead sili-
cate glasses are 7.4, 5.8, and 4.7 GPa, respectively. Linear
relations on loading shown in Fig. 7 confirm that hardness
of elasto-plastic material such as glass is a measure of
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Fig. 7. Relations between the indentation load and the in-situ
contact area for three kinds of silicate glasses under N, flow
(Closed diamond: Silica glass, Open square: Soda-lime glass,
Closed triangle: Lead silicate glass). The solid lines are least
square fits of the loading curves to linear functions. This figure is
reproduced from Ref. 48.

resistance to elasto-plastic deformation, not resistance to
plastic deformation, as suggested by Sakai.*”

Using the indentation microscope, it was found that a
contact region between glass and a Vickers indenter was
not a regular square but a concaved square, and that an
amount of the bowed-in at a contact edge depended on
glass composition and on indention load.*® As shown in
Fig. 8(a-1), silica glass shows distinct bowed-in edges.
The amount of the bowed-in parameter, which was pro-
posed in the previous paper,’” decreases with decreasing
the elasticity index, H/E, at a given indentation load.*®
Lim and Chaudhri’? attributed this bowing-in to pin-
cushioning of an elastic body, where the depth of contact is
greater at the ridges of the indenter than the depth of the
points between ridges.

Because the sinking-in at the center between the corners
causes a tensile stress in a radial direction at the inden-
tation edge, the tensile stress may cause edge cracking
along the edge of the indentation imprint. Depending on
surface conditions and on testing environment, we can
find the edge crack during both loading and unloading.*®
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Fig. 8. Photos of the contact regions under load and the
imprints after unload. The maximum indentation load is 3.0 N.
The indentations were performed under N, flow. (a-1) Silica glass
under a load of 3.0N, (a-2) Silica glass after complete unload,
(b-1) Soda-lime glass under a load of 3.0 N, (b-2) Soda-lime glass
after complete unload, (c-1) Lead silicate glass under a load of
3.0N, (c-2) Lead silicate glass after complete unload. All images
have the same scale bar shown in (a-1).

The edge cracks are observed in Figs. 8(a-2) and 8(b-2).
During loading, defects or faults are created in glass under
the indenter, as pointed out by Lawn.>" Depending on size
and orientation, some defects or pre-existing defects may
open into edge cracks during loading,*® whereas other
defects may turn into edge cracks during unloading, as
shown in Figs. 8(a-2) and 8(b-2). It can be inferred that the
driving force for the edge cracking during both loading
and unloading is the tensile stress due to the sinking-in as
stated above. Radial cracks can be found only in soda-lime
and lead silicate glasses [Figs. 8(b-2) and 8(c-2)], because
less densification-contribution of these glasses results in
larger driving force for median/radial cracking, as stated
above.

Another characteristic of the image obtained using the
indentation microscope is existence of fringe patterns
shown in Figs. 8(a-1), 8(b-1), and 8(c-1). The fringe pat-
terns come from the interference of light waves reflected
from both glass surface and the indenter. The interval
between two black lines corresponds to the height dif-
ference of half a wavelength between the glass surface
and the indenter. The quantitative determination of elastic
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deformation around the contact region was discussed
elsewhere.>?

5. Future perspective for development
of high-crack-resistant glass

Fracture in glass includes two events, crack initiation
and crack propagation. The indentation-induced cracking
should be closely related to the crack initiation. Although
the crack propagation is controlled by fracture mechanics
parameters, such as fracture toughness, there are still so
many unknown issues on the crack initiation. Since the
crack initiation is accompanied with dynamic structural
changes in an atomistic level, we should focus on dynamic
changes in glass structure just before the crack initiation.
Some experimental researches are now in progress using
various techniques, such as Raman spectroscopy including
low-energy spectrum or Boson peak,>® Brillouin spectros-
copy,”® small angle X-ray scattering,> digital holographic
tomography,®® and X-ray tomography.>”

As for in-situ Raman spectroscopy of glass during the
indentation, the present author and his colleagues fabri-
cated a custom indenter for Raman measurements, and
reported remarkable peak broadening of Raman spectrum
of silica glass under a Vickers indenter.’® The recent
work®” also showed the peak broadening of silica glass,
although the authors of the paper alerted to the problem
that the in-situ Raman spectra include spectral contribution
of the indenter and that the ratio of the analyzed volume by
Raman spectroscopy to the volume deformed by indenta-
tion must affect both the peak shape and the peak position.
Nevertheless, the peak broadening is one of the character-
istic features of glass under the indenter, because it cannot
be observed in hydrostatic compressed silica glass under
an elastic regime.®” Such a transient structure in glass may
control the crack initiation. Not only the structure but the
stress field, or the driving force, should be the origin of the
crack initiation. Furthermore, environmental conditions,
such as relative humidity, also have an impact on the
cracking event. Various types of new approaches including
the modeling calculation will be required to obtain much
deeper insight into the crack initiation in glass and to
develop high-crack-resistant glass.

6. Summary

About 25 years ago, the author encountered some fun-
damental questions on the indentation cracking in glass.
What controls the crack initiation load of glass under a
Vickers indenter? Why lead-containing soft glass is so
brittle, and why mother glass of glass-ceramics is so
strong? Now, he has arrived at one key parameter, which is
permanent densification of glass. Of course, it is not only
permanent densification that controls the cracking behav-
ior in glass. But, the permanent densification of some sili-
cate glasses under the indenter reduces the driving force
for median/radial cracking. There are several types of
counter-examples. For example, glasses containing 5- or
6-coordinated aluminum ions have higher crack resis-
tance (CR), but do not prefer permanent densification
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under the indenter. Fortunately, the counter-examples are
now stimulating various discussion on the mechanism of
the indentation-induced cracking in glass.

In-situ evaluation techniques of stress fields and crack-
ing sequences are indispensable in order to compare
brittleness among glass compositions. Two examples,
which are the birefringence technique and the indentation
microscope, are introduced in this review. These are based
on classical techniques, but visualization of the controlling
factors for cracking should promote various new ideas
to develop less-brittleness glasses. Although the brittle
behavior of glass has been long an unsolved problem, the
author believes that new characterizing devices in micro-
and nano-scopic scale, testing machines in nanometer
scale, and brand-new modeling techniques will give us a
new way to overcome the brittleness of glass.
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