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ARTICLE INFO ABSTRACT

Keywords: Improving the fracture resistance of oxide glasses through adjustment of the chemical composition remains a
Indentation challenging task, although composition-mechanical property relations have been established for simple model
Oxide glasses systems. The glass mechanical properties are, among other methods, conventionally tested using instrumented
Cracking

indentation, which is a fast and convenient technique that mimics the real-life damage for certain applications,
although interpretation can be challenging due to the complex stress fields that develop under the indenter.
Early indentation experiments have shown that oxide glasses exhibit pronounced tendency to densify under
compressive load compared to metals and ceramics. After decades of investigations, it is now known that the
extent of densification is strongly dependent on the glass' chemical composition and in turn its atomic packing
density and Poisson's ratio. Spectroscopic techniques have shed light on the mechanism of densification, which
include changes in the bond angle distributions as well as an increase in the coordination number of the network-
forming cations. Knowledge of such details is crucial for understanding the link between chemical composition
and resistance to cracking in oxide glasses, since densification is an efficient way to dissipate the elastic energy
applied to the material during indentation. Here, we review the experimental work on identification and
quantification of indentation deformation in glasses, as well as on probing the accompanying structural changes
in the glassy network. We also include the conclusions drawn from computer simulation studies, which can
provide atomistic details of the indentation deformation mechanisms. Finally, we discuss the link between the

Densification
Deformation mechanism
Stress field

mechanism of deformation and the crack resistance.

1. Introduction

Oxide glasses are textbook examples of brittle materials. When
subjected to loading, amplification of stresses occurs around surface
flaws, leading to catastrophic fracture [1]. Like a puzzle, the two
broken glass surfaces can be perfectly reassembled, confirming that no
permanent deformation has occurred prior to failure. This is because
these iono-covalent materials lack the ability to undergo dislocative
motions as those observed in ductile metals. In metals, atoms can easily
“jump” to the next neighbor without any permanent damage, which is
an efficient way to blunt the tip of the flaw and thus increase the
fracture toughness [2]. On the other hand, oxide glasses have been
believed to not exhibit any plasticity, at least not on a macroscopic
scale. However, already in the late 1940s, it was pointed out that brittle
fracture can be avoided when the surface of an oxide glass is perma-
nently deformed by a sharp object, as long as the magnitude of the point
load is kept below a given critical value [3-6]. Other studies have
implied that glasses are indeed capable of undergoing plastic
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deformations based on observations of scratch grooves [7], the mis-
match between the fracture surface energy and the energy absorbed
during breaking of a glass specimen [8-10], and compaction under high
hydrostatic pressures [11,12].

These observations were soon followed by several studies [13-20]
on glass indentation (i.e., controlled contact loading) to understand
plasticity. Indentation is an attractive technique, since it requires a
relatively small sample area, the sample preparation is easy, and the
experiment time is short. Indentation also provides information re-
garding hardness of the material, and when combined with depth-
sensing apparatus, elasticity data can also be extracted from the load-
displacement curve [21]. In case of oxide glasses and ceramics, in-
dentation is frequently used to evaluate the characteristics and extent of
the cracking pattern [22-24]. Based on the length of the cracks ema-
nating from the indentation imprint, various empirical models have
been proposed to estimate the fracture toughness of brittle solids
[25-27]. However, these attempts have been repeatedly criticized, ar-
guing that the measurements are inconsistent, and the models do not
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properly describe the complex indentation stress field and do not take
the energy-dissipative deformation processes into account [28-30].
Nevertheless, analysis of indentation cracking is highly relevant for
many applications, as the contact with a sharp object is often the pro-
cess that leads to the formation of a critical flaw. Although not being
able to measure fracture toughness, indentation serves as an important
tool for studying the damage resistance (e.g., hardness and crack re-
sistance) of different oxide glasses. For example, various studies suggest
that the resistance to initiate cracking upon indentation is associated
with the ability of a glass to dissipate the supplied mechanical energy
through densification facilitated by structural rearrangements [31-35].
However, more understanding is necessary to properly link glass
chemistry and network structure with the indentation deformation
mechanism and cracking resistance.

The purpose of this paper is thus to provide an overview of the
deformation characteristics, structural rearrangements, and the theory
behind initiation of cracking associated with indentation in oxide
glasses. The main focus is on the existing empirical data on the com-
peting plastic deformations accompanying Vickers indentation (densi-
fication and shear flow). The experimental findings presented herein
are also supported with relevant contributions from computational
studies. The data is evaluated with respect to indentation cracking
throughout the paper, as the ultimate aim is to improve the current
understanding of deformation mechanisms, which can in turn facilitate
design of novel glasses, which are less easily damaged by sharp contact
loading.

The review paper is divided into 8 sections. In Section 2, the current
state-of-the-art of indentation deformation mechanisms, stress field
developed during indentation, and resulting cracking is reviewed. In
Section 3, the experimental and computational techniques used to study
deformation mechanisms are summarized. In Section 4, the structural
changes accompanying densification in different glasses are evaluated.
In Section 5, the size and shape of the densified zone as investigated by
different probing techniques are reviewed. In Section 6, the dependence
of the volumetric ratio of densification and shear flow on the chemical
composition, loading rate, indenter geometry, and other aspects are
considered. In Section 7, the information gathered in the previous
sections is used to shed new light on the correlations between chemical
composition, atomic structure, and resistance to indentation cracking.
Finally, Section 8 provides some suggestions for future research direc-
tions to facilitate better understanding of deformation mechanism
during indentation in glasses.

2. Fundamentals of indentation: stress field, deformation, and
cracking

2.1. Indentation stress field

When loaded with a relatively blunt object, such as a sphere, glass is
likely to deform elastically, as shown by Hertz [36], since the stresses
developed during such loading do not reach the yield stress condition.
There is thus no cracking, unless the radius of the sphere is sufficiently
small, in which case plastic deformation occurs as well. In the case of
small radius sphere or when the glass surface is loaded with a sharper
object, the response is elastic-plastic [37]. This means that during
loading, the glass is permanently displaced through densification and/
or shearing (these two mechanisms are discussed in detail in Section
2.2), creating a hemi-spherical zone of compacted material surrounding
the indentation cavity [38-40]. A cross-section view of an indenter tip
penetrated into the glass surface is schematically illustrated in Fig. 1.

Some of the elastic energy supplied by the indenter tip is spent on
the plastic deformation, but the remaining part is recovered through a
“spring-back” upon unloading [37]. As the elastic field acts beyond the
range of the compacted hemi-sphere, a part of the elastically deformed
material is prohibited from recovering. Consequently, the densified
zone is under compressive stress, while the elastic zone is under tensile
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stress. This can lead to crack initiation at the elastic-plastic boundary
[41]. Yoffe [41] performed an elastic-plastic analysis of the indentation
problem for a conical indentation, deriving the following expressions
for stresses acting in the three-dimensional half-space surrounding the
indentation cavity (with Poisson's ratio = 0.25):

P B
o = _47”2_[1—7(:059] + [F][19c0s26—7], o
[ P ][ cos?e [B] )
op=|— || —————| - | = [cos?6,
L 47r> || 1 + cos6) r3 2
(e 1 B
- N P — 2|12 = 3cos26],
o 74m2‘7cos {(1+c0s6)}]+[r3][ cos? 6] @)
P [ sin6cos6 B
= —_— — |[5sin B cos 6],
e [4n'r2_ _(1+cos€)]+[r3][ sincos ] (&)
Tip = Tg0 = 0. 5)

Here, the normal and shear stresses (0 and 7, respectively) are expressed
in polar coordinates (r, 6, @), where P is the normal load, and B is the
“blister field”. The values of P and B control whether the stresses are
tensile or compressive. When the stress is tensile, there is a driving force
for crack initiation. While P is quite straightforward to understand, B is
a less intuitive parameter. This blister field arises from a strain nucleus
built on the two forces acting along the surface and the force acting
along the vertical axis [34]. The strength of B is difficult to determine
given that a part of the elastic energy is dissipated through, e.g., den-
sification, as discussed in Refs. [42, 43]. Sellappan et al. [34] suggested
a quantification of the blister field strength for the case of Vickers in-
dentation:

B = L(l = Vr— Vo)V,

47 (1 + v)(1 — 2v) 6)
where E and v are Young's modulus and Poisson's ratio of the glass,
respectively, Vg is the volume recovery ratio derived from sub-T, an-
nealing treatment following the method in Ref. [38], Vp is the fraction
of pile-up, and V;~ is the indent cavity volume. The quantification of
Vr, Vp, and V;~ is discussed in detail in Section 3.1. The important
information contained in Eq. (6) is that the driving force for indentation
cracking is influenced by the extent of energy dissipation, which is in
turn correlated with the glass' permanent deformation mechanism.

2.2. Permanent deformation: densification vs. shear flow

The indentation-induced deformation in glass was originally sug-
gested by Taylor [3] to be due to shear flow (the term ‘plastic flow’ is
also frequently used in the literature for the same phenomenon), similar
to that observed in ductile materials. Douglas [13] also discussed the
possibility to activate cold viscous flow at sufficiently large shear
stresses, such as those occurring locally during sharp-contact loading.
The claimed observation of shear flow was supported by Marsh [14],
who employed rapid indentation as well as indentation in liquid ni-
trogen to test hardness of different oxide glasses. The fatigue-free
hardness number (i.e., that tested in liquid nitrogen) for soda-lime silica
glass was found to be much higher than the room-temperature hard-
ness, while the short-time indentation experiment (contact time of
~107%5) led to hardness values approaching the fatigue-free hardness.
These observations strongly supported that shear flow is, at least partly,
responsible for the deformation during indentation, since hardness
depends on both time and temperature.

Peter [20] and later Evers [16] proposed that the glass surface is
deformed due to densification as that observed in the high pressure
experiments of Bridgman and Simon [11,12]. A significant increase in
the refractive index of the glass in the zone beneath the indentation
imprint was found by Ernsberger [17], supporting that densification
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occurs during contact loading. As opposed to the volume-conservative
shear flow discussed by Marsh and others [3,13,14], densification is a
process where the atomic network attains a more closely packed ar-
rangement, as shown by infrared spectroscopy [18], but the bonds in-
volved are not necessarily broken. The idea of indentation being asso-
ciated with densification in oxide glasses is in good agreement with
later work of Neely and Mackenzie, showing that part of the deformed
zone can be recovered upon thermal annealing using amorphous silica
as an example [19]. The activation energy associated with the volume
recovery was much less than the energy needed to initiate any viscous
flow. Hence, the authors ruled out the possibility of shear or viscous
flow being responsible for displacement of the material during in-
dentation, concluding that silica glass deforms through densification.
By studying different glass compositions, Peter [15] showed that the
response of oxide glasses to indentation in general includes both den-
sification and shear flow. Scanning electron microscopy (SEM) images
of the indented sites allowed Peter to provide visual indication of both
deformation mechanisms. The cross-sectional image of a ball indented
alkali silicate glass (Fig. 2) shows a clear contrast between the bulk

Fig. 2. Scanning electron microscope image of a ball indentation impression in
the surface of an alkali silicate glass along with the cross-section view of the
deformation zone beneath the indentation cavity. The clear contrast line be-
neath the surface indicates the size of the densified zone.

Figure reproduced from Peter [15] with permission of Elsevier.
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Fig. 1. Schematic representation of the deformation
mechanisms occurring during indentation. The indenter
is pressed into the surface of the material at a given load
(P). Once fully penetrated, the mean contact pressure (o)
corresponds to the instantaneous or elastic hardness
(Hep), which is significantly larger than the hardness (H)
after full recovery. The prevailing deformation me-
chanism is controlled by the value of Poisson's ratio (v).
Figure reproduced from Rouxel et al. [39] with permis-

the far field sion of AIP Publishing.

elastic region

glass and a hemispherical deformation zone beneath the indent site,
suggesting densification. On the other hand, inspection of a sharp in-
dentation imprint in the alkali silicate surface reveals that part of the
material must have been displaced through shear flow during in-
dentation, as the material is piled up around the indentation imprint
above the glass surface (Fig. 3). Besides the pile-up, the observations of
shear bands (also called slip lines) suggest that glasses are indeed
subject to shearing during indentation [24,44,45]. Shear bands (Fig. 4)
are visible as parallel lines or waves moving outwards from the point of
contact and are indicative of flow-like material deformation [45]. The
preferable deformation mode depends on the chemical composition,
with the main criterion for activation of either of the deformation
mechanisms being the content of network-modifying oxides [15]. In
other words, glasses with high modifier oxide concentration tend to
deform through shear flow, while those with lower modifier oxide
contents deform primarily through densification. This has later been
supported by a quantitative analysis of the two deformation contribu-
tions [38], as well through molecular dynamic simulations [46].

2.3. Indentation cracking

The indentation cracking patterns are strongly composition depen-
dent [23,47-49]. For instance, amorphous silica is known to form ring
cracks around the indentation imprint [24,50], while soda lime silica
has a tendency to form long radial cracks, emanating from the corners
of the indent [24,25,51] (Fig. 5). These different cracking systems have
been replicated using computational methods [52-54]. The different
cracking systems found in oxide glasses are illustrated in Fig. 6 [52].
Arora and co-workers [24] found that the division of glass compositions
according to their characteristic cracking pattern (and thus deformation
mechanism) is connected with the classification of normal and anom-
alous composition, as derived from their thermomechanical properties

Fig. 3. Scanning electron microscopy image of an indent impression in an alkali
silicate glass formed by a 70° pyramidal indenter.
Figure reproduced from Peter [15] with permission of Elsevier.
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Fig. 4. Berkovich indent impression in a soda-lime silica glass with highlighted shear bands. The shear bands are indicative of plastic flow and are responsible for

serration of the load-displacement curve acquired during the indentation.

Figure reprinted from Chakraborty et al. [45] with permission of Springer Nature.

[18]. The elastic moduli of normal glasses display a negative tem-
perature dependence, but in certain cases the elastic moduli initially
increase with increasing temperature [55]. This behavior is referred to
as anomalous, and has also been detected in numerous other properties
including deformation and fracture, especially for silica glass
[19,56,57]. This gave rise to numerous studies focusing on the de-
formation mechanism, as well as the type and extent of cracking upon
sharp contact loading in various oxide glasses [31,34,38,58-62]. Sehgal
and Ito [31] demonstrated that the proneness to form cracks upon in-
dentation can be significantly improved by adjusting the chemical
composition of the glass. A low packing density facilitating energy
dissipation through densification has been proposed to be associated
with high resistance against indentation cracking. In other words, the
tendency of the so-called “less-brittle” glass studied by Sehgal and Ito to
crack is reduced due to the low blister field value, as discussed in
Section 2.1. Further advancements in compositional design lead to the
discovery of even more crack-resistant glasses [32,35], but there is
currently no universal method to accurately predict the crack resistance
(defined below). On the other hand, Sellappan et al. [34] showed that
based on other mechanical properties (hardness, Young's modulus, and
Poisson's ratio), the cracking pattern can be predicted using the stress
field calculations of Yoffe [41] (Egs. (1)-(6)), and a quantitative ap-
proximation of the blister field. The driving force for the ring, radial,

median, and lateral cracks (depicted in Fig. 6) can thus be calculated
from the following equations according to Ref. [63]:

ar,(r=a,6=7t/2)=l—2v yE(v —2)

" 12
1—21—v2—tan] =,
[1-20 - 5] 5

T 2 T A na-2)my Q)
g (r = 29 =72 _ ZV; 1 o3 mew 1-201 - v%%mnlﬁ]m%’ (8)
ol =1-L11,6 = _22v T2 +;f) tany [1 -2 vz)%tamp];g’ &)
izl =:6 =2 ‘% tax v)(13i§2v) tany [1 -2 ,,z)% tanw]%§~ (10)

In Egs. (7)-(10), E, H, and v are the Young's modulus, hardness and
Poisson's ratio of the glass, respectively, y is the indenter angle, while y
and ¢ are parameters characterizing the elastic recovery upon un-
loading and the energy dissipation through plastic deformation, re-
spectively:

M
g an
E=1- ViV 12)

Here, u, is the full indenter penetration depth during loading (i.e.,

Fig. 5. The characteristic Vickers cracking patterns seen from top view (top row) and side view at the indent cross sections (bottom row) for soda lime silica (left) and
amorphous silica (right). The subsurface damage in soda lime silica glass is linked to its tendency to deform through shear flow, resulting in a median/radial cracking
pattern. Amorphous silica exhibits a high tendency to densify during loading, as seen from the deformation zone located beneath the indent cavity. This mode of

deformation yields ring (or often referred to as cone) crack morphology.
Figure reproduced from Arora et al. [24] with permission of Elsevier.
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Fig. 6. Cracking systems resulting from Vickers indentation found in oxide glasses.

Figure reproduced from Lee et al. [52] with permission of Elsevier.

including the elastic contribution), while u, is the depth of the indenter
in contact with the glass surface during loading. Quantification of Vg
and Vp is discussed in detail in Section 3.1. Based on these expressions,
it is possible to predict the predominant cracking pattern. Glasses with a
low v and low E/H ratios tend to form ring cracks upon indentation,
while glasses with high v and high E/H ratios fracture primarily through
radial and lateral cracks. Median cracks predominate in the inter-
mediate region. Hence, it is evident that the deformation behavior in-
fluences the crack initiation in oxide glasses.

In order to quantify the damage resistance of different glasses, in-
dentation has been used because it mimics real-life damage for certain
applications [64], but also because it is a fast analysis technique that
requires little sample preparation. For glasses that exhibit corner
cracking, the most common approach is the one suggested by Wada
et al. [22], where a Vickers indenter is used to induce a series of im-
prints at varying load. After unloading, each imprint is evaluated in
terms of the amount of radial cracks emanating from its corners. For a
given load, the average value of cracks per indent is divided by four
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Median

Half-penny

Lateral

(i.e., the amount of corners per indent and thereby the maximum
amount of radial cracks) in order to compute the crack initiation
probability at a given load. This is performed at varying loads, starting
from low loads responsible for no radial cracking (i.e., 0% crack in-
itiation probability) to high loads leading to extensive cracking (i.e.,
100% crack probability). An appropriate mathematical function is then
fitted to the data. As illustrated in Fig. 7, the load corresponding to 50%
crack probability is defined as indentation cracking resistance, or
simply crack resistance (CR).

We note that CR does not describe the resistance to initiation of
other types of cracks during sharp contact loading, such as lateral
cracks. As such, a more accurate term would be the “critical load for
radial crack initiation”. It is also important to note that CR not only
reflects the glass characteristics, but also the conditions used during the
test. Loading rate, bluntness of the tip, time between unloading and
recording the cracks, and atmospheric conditions are among the ex-
ternal parameters influencing the proneness of the tested glass to crack
[64-66]. Especially the relative humidity plays a major role when
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Fig. 7. Schematic representation of crack resistance determination.
Figure reproduced from Kato et al. [32] with permission of Elsevier.

evaluating CR [65]. For instance, a series of calcium aluminosilicate
glasses was studied under both ambient atmospheric conditions (~50%
RH) and inert N, atmosphere [67]. The authors showed that there is an
intrinsic compositional trend with respect to the crack initiation prob-
ability at 19.6 N load when measured under N, atmosphere, while it is
not detectable when measured in air since all glasses display 100%
crack probability (Fig. 8). The impact of atmospheric water on crack
initiation is related to the hydrolysis of the oxide network, which is
amplified when the bonds are pre-stressed as it is the case during in-
dentation [56]. This underlines that crack initiation data obtained from
different studies should be compared with caution.

2.4. Indentation fracture toughness

Another approach to extract quantitative data from indentation
cracking concerns the length of the radial cracks relative to the size of
the indent. Lawn and Swain [23] proposed that the measured crack
propagation could be related to the fracture toughness (Ky.) by means of
fracture mechanics. By collecting data for a few different oxide glasses
and ceramics, and calibrating the indentation test values with fracture
toughness values obtained from standardized tests, a series of equations
[26,27,68,69] to calculate fracture toughness were proposed:

Kr = 0.016(E/H)'2(P/c3?), 13)
Kie = 0.0309(E/H)¥5(P/c3?), 14
K = 0.0018(E/H)Y2(P/c3?), (15)
K = 0.04285/(1 — v¥)(HP/1)'/?, (16)
Kp = 0.0123(E/H)*5(HP/1)"/?, a7)

where P is the load, c is the radial median crack length, and [ is the
Palmqvist crack length. All of the above equations relate the elastic and
hardness properties as well as the length of the indentation-induced
crack (produced at load P) to the fracture toughness through a scaling
parameter. The (Egs. (13)-(15)) apply for a median crack system, i.e.,
when the cracks emanating from the corners of the indent are origi-
nating from the median crack below the point of contact and propagate
along the edges to form a half-penny geometry (Fig. 6). On the other
hand, (Egs. (16)-(17)) are used in the case of a Palmqvist crack system,
i.e., radial cracks originating from the corners of the indent impression
(Fig. 6). While such indentation method to evaluate toughness of
ceramic materials continues to be used [70], the application of this
method to oxide glasses has received much criticism [28,30,71]. The
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Fig. 8. Crack initiation probability as a function of ratio S (Al/(Al + Si)) in
calcium aluminosilicate glasses measured in air with ~50% relative humidity
(closed symbols) and in N gas (open symbols).

Figure reproduced from Ponitzsch et al. [67] under the Attribution-Non-
Commercial-NoDerivatives 4.0 International license (CC BY-NC-ND 4.0).

main issue is that the indentation in glass leads to the formation of a
complex residual stress field with multiple cracks, which is difficult to
describe and quantify [30]. Another important problem is that different
toughness values can be calculated from different loads on the same
material [30]. Finally, the densification processes that oxide glasses
undergo during loading dissipate a part of the supplied work, resulting
in a smaller driving force for crack propagation. As a consequence, the
indentation fracture toughness does not necessarily only reflect the
resistance to crack propagation, but also the proneness to densify. In-
dentation measurements are thus not believed to be suitable for eval-
uating the fracture toughness of glasses. Standardized fracture tough-
ness methods such as chevron-notched beam or single-edge precracked
beam could be used instead [30,71].

3. Characterization of deformation mechanism
3.1. Microscopy techniques

For micro-indentation, the simplest technique to study indentation-
induced deformation is optical microscopy, as important information
can be extracted from a qualitative inspection of the indentation-im-
print. For instance, the existence of shear faulting lines has been ob-
served [45,72]. The indent is typically imaged with the camera situated
normal to the glass surface (from above or below), allowing for rapid
evaluation after the indentation. To gain additional insight into the
subsurface damage, cross-section views of the indent sites can be in-
vestigated. This is done by breaking the glass sample through the di-
agonal of the indent, following radial cracks emanating from the cor-
ners of the indents. That is, an indent is placed next to the tip of an
existing scratch or an arrested crack, or a straight line of indents is
placed to guide the fracture line, and subsequently the specimen is
broken, e.g., by bending [24,73,74].

A frequently used technique to quantify the deformation mechanism
is atomic force microscopy (AFM), as suggested in Refs. [38, 75]. This
approach consists of recording topographic images of the indent site
before and after a thermal treatment at 0.9T, (Fig. 9), which is used to
measure how much the indent cavity shrinks upon annealing. This
method takes advantage of the different properties of the densified and
displaced matter. As pointed out in Ref. [19], densified structures can
be recovered by annealing below T, and the recoverable volume
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Fig. 9. Schematic representation of the method used to quantify the densification contribution to the total indentation volume.
Figure reproduced from Yoshida et al. [38] with permission of Cambridge University Press.

increases with increasing annealing temperature [76]. On the other
hand, the volume displaced by shear flow is unaffected by annealing at
0.9T, as the viscosity is too high for any notable viscous flow to occur
at the time scale of the experiment (2 h) [77]. We note that the use of
0.9T, as the annealing temperature was based on measurements on a
few glass compositions only, mostly limited to silicate glasses [38].
Indeed, the liquid fragility of the composition should be considered
when selected the annealing temperature and time to ensure complete
relaxation of the densified volume, while avoiding viscous shear flow.
The densification volume (Vg) can be calculated by comparing the vo-
lumes below and above the surface plane before and after annealing as

Va= (Vi =V + Vi =vh, 18)
where the subscripts i and a refer to initial and annealed volumes, re-
spectively, while the superscripts — and + refer to the volumes below
and above the glass surface (see Fig. 9). In order to enable comparison
among glasses with varying hardness (and thus total indent volumes),
V4 is usually normalized with respect to the initial indentation volume,
and expressed as the volume recovery ratio (VR):

Ve =ValVi. (19)

The remaining volume can result from plastic flow displacement, or
alternatively residual elastic strain in or outside the plastic zone. In
addition, Sellappan et al. [34] suggested to distinguish between the
fraction of plastic flow resulting in the so called pile-up around indent
edges (as seen in Fig. 9) and the remaining volume being displaced

downwards or radially away from the indent cavity. This distinction is
relevant, as it has been suggested that pile-up dissipates the mechanical
work supplied during contact loading, while the remaining volume
results in a residual stress, which drives indentation cracking [34]. The
fraction of the pile-up volume (Vp) can be extracted from the same
topographic measurements as

2V — v

Vp =
P 78 (20)

An approach based on dissolution and AFM measurements has also
been proposed to study the extent of densification zone developed
during indentation [78,79]. Guin et al. submerged a silicate glass with
an indent into a basic aqueous solution, resulting in surface corrosion
through hydrolysis. Due to the structural changes induced by indenta-
tion, such as the change in the inter-tetrahedral bond angle [80,811, the
dissolution rate of the densified zone is higher compared to that of the
remaining glass surface. This allows for the visualization of the densi-
fied zone by a scanning probe technique, such as AFM.

3.2. Spectroscopic techniques

As densification of the glassy network results in closer packing of
the constituent atoms, it is possible to probe the structure of the de-
formed zone in order to understand the structural rearrangement me-
chanism and infer the magnitude and extent of densification. Infrared
(IR) and Raman spectroscopies are suitable techniques for acquiring
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local information about the short- and intermediate-range structure of
the glassy network. Both have been employed to probe the structural
changes accompanying indentation [61,73], most often using amor-
phous silica as a simple model glass, for which the IR and Raman
spectra are well understood. Furthermore, IR and Raman spectroscopies
can also be used to estimate the relative change in density induced by
indentation, based on earlier work studying the pressure dependence of
the glass structure [82,83]. To do so, a correlation between density and
band position (e.g., a characteristic Raman band) is established based
on diamond anvil cell (DAC) experiments. This correlation is used to
determine the local density in a particular surface spot. Alternatively,
the correlation between the location of certain IR bands and the fictive
temperature of a glass [84] can be used to shed light on the mechanisms
of deformation.

Brillouin spectroscopy has also been used to probe the magnitude of
indentation-induced densification following a similar methodology
[85], as the longitudinal and transverse sound wave velocities are
higher in compressed glasses [82]. By comparing the Brillouin shift to a
corresponding density for a given material during a DAC experiment, a
calibration curve can be constructed. Then, a measured Brillouin shift
acquired from a particular spot in the vicinity of the indentation imprint
can be used to calculate the local density. Another approach based on
luminescence takes advantage of the pressure-dependence of the elec-
tronic transitions occurring in transition metal ions [86]. DAC experi-
ments have shown that the luminescence spectrum of Cr®*-doped si-
licate glasses changes systematically with increasing density [87]. The
change in Cr®*-luminescence within an indent can then be probed
using micro-Raman mapping and afterwards converted to a relative
change in density. By using either of the techniques discussed above, an
indentation-induced densification map can be obtained by compiling
the space-resolved spectra, as illustrated in Figs. 10-11.

3.3. Computational techniques

The experimental techniques described above are well supple-
mented by computational modelling. Finite element analysis of in-
dentation on glass started with the work of Imaoka and Yasui [88,89],
involving simulations to reflect the elastic-plastic behavior of glass with
densification contribution. Later studies have focused on identifying the
appropriate constitutive law to account for the material response to
indentation, which is essential for the replication of deformation me-
chanism through numerical modelling. Von Mises, Mohr-Coulomb, and
Drucker-Prager criterions are among the material models employed to
understand the indentation deformation [62,90-93]. The current state-
of-the-art in finite element analysis of indentation in glass involves the
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evaluation of numerical results with respect to the elastic spring-back
upon unloading, densification maps, extent of pile-up, and load-dis-
placement curves extracted from experimental indentation cycles.
Cohesive zone finite element modelling [52,54] and discrete ele-
ment modelling [53,94] are techniques currently used to study the in-
dentation cracking following indentation, and its link to the deforma-
tion mechanism. The methodology is similar to the one discussed
above, i.e., various material models are considered with respect to their
ability to replicate the experimental results. While the predictive power
of finite element modelling needs improvement to facilitate detailed
studies of deformation and cracking characteristics in different glasses,
qualitative trends in, e.g., compositional scaling can be extracted from
such studies. Molecular dynamic simulations can also provide insight
into the structural origin of deformation mechanism in glasses at the
atomic scale. Atomistic models of glassy networks are typically based
on parameters defined in force fields such as that of Pedone et al. [95]
or BKS [96]. The virtual samples can then be subjected to uniaxial or
hydrostatic strains [93,97,98], as well as to indentation [99,100].

4. Structural changes accompanying densification
4.1. Amorphous silica

Amorphous silica is probably the most studied oxide glass in terms
of structural changes accompanying densification. Due to the simple
chemical composition, only the response of Si—O bonds (neglecting any
structural defects) to pressure needs to be accounted for. In modified
silicate glasses with additional oxides, the interactions among different
cations add an additional degree of complexity. Hence, many studies
have focused on silica to gain insights into the structural densification
mechanisms, e.g., occurring during indentation [97,101-105].

Sugiura and Yamadaya [82] studied Raman scattering in silica glass
subjected to compression. in situ Raman spectra were collected during
compression and decompression in a DAC and the changes in the ac-
quired spectra were correlated with those in density. In particular, the
so-called D; and D, bands (located at ~490cm ™' and ~610cm ™},
respectively, in pristine silica) were used as metrics to quantify the
extent of densification. The former band is attributed to breathing
modes of four-membered rings (i.e., four connected SiO, tetrahedral
units), while the latter is due to a three-membered ring [106]. The
Raman shifts of both D; and D, increase with increasing density, al-
though that of D, is relatively unaffected in the low-pressure regime (up
to ~2 GPa). However, as D, does not overlap with the main Raman
band of amorphous silica (located at ~440 cm™'; due to symmetric
stretching of Si—O—Si bonds), it is a more convenient measure of the
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Fig. 10. Raman densification map of Vickers indentation in amorphous silica. The isocontours indicate the relative increase in density.
Figure reproduced from Perriot et al. [73] with permission of John Wiley and Sons.
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Fig. 11. Densification map of Vickers indent in soda lime silica glass. The local increase in density was determined by space-resolved Brillouin spectroscopy

measurements using a density-Brillouin shift calibration curve.
Figure reproduced from Tran et al. [85] with permission of AIP Publishing.

extent of densification. The positions of both D, and D- lines were also
correlated to the fictive temperature of amorphous silica [107,108],
and thus also to its density. The finding that light scattering spectra can
be associated with density enabled more detailed studies on structural
rearrangements accompanying indentation. For example, Perriot et al.
[73] probed the extent of the densification zone formed during in-
dentation by monitoring the change in the Raman spectra. Based on this
work, the structural changes in amorphous silica induced by indenta-
tion involve: i) decrease in the inter-tetrahedral Si—O—Si angle, which
is observed through a decrease in the main Raman band (440 cm™ Y
intensity, and ii) general decrease in free volume observable through an
increase in the Raman shifts of the D; and D, bands (Fig. 12).

The experimentally detected changes in the structure of amorphous
silica discussed above are well corroborated by molecular dynamics
(MD) simulations. With the pressure-induced increase in density, var-
ious studies report decrease in the Si—O—Si angle, redistribution of the
ring sizes, reduction of the pore sizes, and overcoordination of Si- and
O-atoms [109-111].

4.2. Modified silicate glasses

When modifying oxides such as Na,O or CaO are added to amor-
phous silica, the network becomes depolymerized, while the relatively
large free volume becomes filled by the modifying cations. This change
in the glassy network structure has an impact on the deformation me-
chanism. Deschamps et al. [81] investigated the structural changes
accompanying densification of soda lime silica (window glass). The
Raman spectrum of window glass contains more features compared to
amorphous silica (Fig. 13). The bands situated at ~450 cm ™Y
~560cm ™, and ~600 cm ™! are attributed to stretching of Si—0—Si
bonds in Q*, @, and Q? species, respectively [112]. However, the latter
may also correspond to the breathing mode of a three-membered ring,
as in amorphous silica [106]. In addition, bands at ~950 cm ™! and
1100 cm ™! are assigned to Si—O stretching modes of Q* and Q3 re-
spectively [81]. The combined indentation and DAC analyses show that
the abundance of Q* units increases with increasing pressure at the
expense of Q> units in soda lime silica glass [81,113,114]. On the other
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Fig. 12. Raman spectra for pristine (solid line) and indentation-densified (da-
shed line) amorphous silica. The increase in Raman shift upon indentation of
the D; and D, bands indicates reduction in free volume around the four- and
three-membered rings, while the intensity decrease of the main band suggests
decreasing inter-tetrahedral Si—O-Si angle.

Figure reproduced from Perriot et al. [73] with permission of John Wiley and
Sons.

hand, when Al,O5 or B,O5 are added to the silicate framework rather
than the depolymerizing alkali or alkaline earth oxides, the structural
response to indentation resembles that of amorphous silica, i.e., the
Raman bands corresponding to three- and four-membered rings appear
at higher wavenumbers following the indentation-induced increase in
density [113-115]. This indicates that in highly polymerized networks,
ring redistribution is the main mechanism facilitating densification,
while Q" reorganization is a primary deformation mode in more mod-
ified glasses, usually associated with larger extent of shear flow.
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Fig. 13. Raman spectra of soda lime silica glass acquired on the non-indented
surface of the glass, and within a 20 N Vickers indent.

Figure reproduced from Kassir-Bodon et al. [120] with permission of John
Wiley and Sons.

4.3. Borate glasses

The structural response of borate glasses to indentation-induced
densification has received less attention compared to silicate glasses. A
study on sodium borate glasses [116] shows that the densification
mechanism differs from that of silicate networks, as investigated using
Raman spectroscopy in the frequency range from 600 to 900 cm ~*. The
main bands can be assigned to boroxol rings (~805 cm '), BO4-con-
taining rings such as penta-, tetra- or triborates (~770 cm ™), and
B—O0-B bending vibrations (600-700 cm™?). The 770 cm ™! band de-
creases in intensity upon indentation, but becomes broader. This can be
interpreted as a reduction of inter-ring distances, distorting the B—O—B
bridges involving tetrahedral units [116]. The ring statistics also change
upon application of pressure, i.e., different superstructures containing
BO, units are being transformed to others. In aluminoborate glasses, a
possible mechanism accompanying densification has been proposed to
involve the conversion of triborate rings (containing two BO3 and one
BO, unit) into di-triborate rings (containing only one BO3 and two BO4
units) [35]. This corresponds to a pressure-induced increase in the
average coordination number of boron, in agreement with high pres-
sure inelastic X-ray scattering experiments on amorphous B,O3 [117].

5. Evolution of the deformation zone
5.1. Visualization of the deformation zone

The deformation behavior can be studied using optical and scanning
electron microscopy. Peter [15] reported excellent images of sharp and
ball indentation, providing evidence for the different deformation me-
chanisms. The contrast between the deformed zone and the bulk is
interpreted as densification (Fig. 2), while the pile-up surrounding the
edges of the sharp four-sided pyramidal indentation suggests that the
glass is at least partly displaced by isochoric shear flow (Fig. 3).

Arora et al. [24] and Hagan [44,50] investigated the origin of the
cracking patterns characteristics for silica and soda lime silica glasses.
Their image analysis suggested that the cracking behavior is linked to
the densification vs. shear flow distribution. Soda lime silica, which
tends to deform through shear flow, exhibits severe subsurface damage,
while amorphous silica exhibits a densified but non-fractured zone
beneath the tip of the indenter (Fig. 5). The images also prove the ex-
istence of median/radial and cone cracking systems for soda lime silica
and silica glasses, respectively. Normal glasses tend to deform through
shear flow, resulting in radial cracks emanating from the corners of the
Vickers indent impression, while anomalous glasses tend to easily

10

Journal of Non-Crystalline Solids: X 1 (2019) 100007

densify, resulting in cone cracking. Based on stress field calculations
[41], it is possible to deduce the preferred mode of cracking. Poisson's
ratio appears to have a large influence on the cracking behavior. In-
terestingly, Gross [118] found that a so-called intermediate alumino-
borosilcate glass (with v-value exactly at the boundary between
anomalous and normal domains) deforms without any subsurface da-
mage (Fig. 14). This manifests itself in higher CR compared to soda lime
silica and silica glasses. This finding is consistent with the stress field
calculations, since this composition should feature limited driving force
for the propagation of ring and median/radial cracking [34,63].
Detailed optical and SEM investigations of the indentation im-
pressions in soda lime silica glass, calcium aluminoborosilicate glasses,
and amorphous silica have also been performed [45,72,119]. The in-
dent images point to the existence of shear bands formed during in-
dentation in modified glasses (Figs. 4 and 15). Chakraborty et al. [45]
noticed that more shear bands are observed when the loading rate is
low (i.e., when there is sufficient time for isochoric shear flow to occur).
However, the structural origin of the formation of shear bands and their
influence on cracking resistance remain poorly understood. Recently,
Gross et al. [119] showed that the density of shear bands beneath the
point of contact is highly sensitive to changes in chemical composition.
Soda lime silica glass with considerable amount of NBOs (expected to
facilitate propagation of shear bands) exhibits significant shear bands,
with relatively large separation distance. On the other hand, glasses
with limited amount of NBOs (e.g., certain calcium aluminobor-
osilicates) tend to have less prominent shear bands with smaller spacing
between them. Furthermore, by changing the composition of these
glasses, the proportion between densification and shear flow can be
maintained constant, while the shear band density changes (Fig. 15).
This has an impact on the driving force for crack initiation, with higher
shear band density promoting high resistance to indentation cracking.

5.2. Quantification of the relative density increase

Using in situ high-pressure Raman spectroscopy measurements,
Perriot et al. [73] constructed two-dimensional depictions of iso-
contours of relative density increase were constructed, as shown in
Fig. 10. The maximum density increase is located in the center of the
indent, where the compressive stress is assumed to be the largest. For a
2-kgf Vickers indent, the local density increase reaches 16%, which is
slightly less than the maximum densification obtained through cold
compression at pressures up to ~20 GPa for amorphous silica (~20%)
[105]. The extent of densification decreases with increasing distance
from the center of the indent, approaching zero at the edges of the
indent impression. The densified zone progresses into the depth of the
material, with the extent of densification approaching zero at a depth
approximately four times larger than the depth of the indent cavity. The
boundary of the densified zone resembles that of a half-penny, in
agreement with qualitative microscopic evaluations [15,24,51], finite
element modelling [62,90], and discrete element modelling [53]. Si-
milar studies have been performed for a soda lime silica glass [81,120].
Using the pressure-density relation from Ref. [121], and a careful
evaluation of the pressure-induced changes in the Raman, a densifica-
tion map analogous to that of amorphous silica was constructed. Soda
lime silica features a significantly smaller maximum extent of densifi-
cation (~4%) compared to silica (~16%), highlighting the difference in
deformation mechanism for the two compositions.

Perriot et al. [86] also exploited the density-sensitive luminescence
of Cr**-cations (as detected by Raman spectroscopy) to probe the de-
formation zone of Cr-doped soda lime silica glass. The extent of den-
sification below the indenter tip extracted using this method was be-
tween 3 and 4%. The densification map obtained by Brillouin
spectroscopy measurements (Fig. 11) is qualitatively similar to that
obtained from Raman studies, although the maximum extent of densi-
fication reported is slightly higher (6%) [85].

An alternative approach to the spectroscopic measurements, which
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50 um

Fig. 14. Cross-section view of Vickers indentation impressions produced at 1 kgf in the surface of soda lime silica glass (left), intermediate aluminoborosilicate glass
(middle), and amorphous silica (right). The transition in the characteristic cracking pattern from median/radial system to ring (cone) cracking morphology follows a
decrease in Poisson's ratio. The aluminoborosilicate glass exhibits a Poisson's ratio corresponding to near-zero theoretical driving force for either of the above

mentioned cracking modes.
Figure reproduced from Gross [118] with permission of Elsevier.

rely on careful calibration of the spectral response vs. density correla-
tion, is the chemical dissolution technique [78,79]. The structural
changes accompanying indentation of silicate glasses appear to enhance
the dissolution rate when the glass is exposed to basic aqueous solution.
Such increase in the dissolution rate has been found to be quite pro-
nounced in soda lime silica glass, but also measurable in amorphous
silica [78]. Using this approach, the topography of the indentation site
could be monitored as a function of time using AFM, discovering a
hemispherical zone of densified material surrounding the indentation
site. This result is in agreement with the spectroscopic mapping tech-
niques [73,120], finite element simulations [52,54,62], discrete ele-
ment simulations [53], as well as molecular dynamic simulations [93].

6. Deformation mechanism: influence of material characteristics
and experimental conditions

6.1. Role of Poisson's ratio

The densification contribution to indentation deformation (as
quantified by Vg, see Section 3.1) depends on the glass chemical com-
position. Vi for amorphous silica exceeds 90%, but the addition of
modifying constituents to the glassy network reduces Vi (~60% for
soda lime silica glass) [38]. A bulk metallic glass, such as Pd-Ni-P, ex-
hibits practically no volume recovery upon annealing (~5%) [38]. To
understand this dependence on glass chemistry, the measured Vx values
have been correlated with Poisson's ratio (v) of the glasses, revealing a
decrease of Vi with increasing v (Fig. 16) [38]. The correlation between
the prevailing deformation mechanism and v is supported by experi-
mental [39] and numerical [92] studies on glasses that have been
subjected to pre-densification. This shows that Vy is not purely com-
position-dependent, as one can manipulate a given glass' susceptibility
to densify through isostatic compression. Although v is defined as the
ratio of transverse contraction over longitudinal extension under
loading in the elastic regime, it also appears to relate to the resistance
against irreversible volume changes. This may be understood because
atomic packing density (Cg) has been reported to scale positively with v
[122], leading to the intuitive result that higher C; values (and thereby
v) lead to an increased resistance towards volume shrinkage, while
lower Cg allows the indenter to penetrate the glass surface by reducing
the voids in the glassy network. These correlations also explain why
modified silicate glasses, such as common window glass, display lower
Vr values compared to amorphous silica. The voids in the silicate net-
work are filled with relatively large modifying atoms such as Na or Ca,
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reducing the ability of the network to densify and thus forcing it to
deform through a different mechanism.

Subsequent studies with more data on different glass systems in-
dicate that there is, however, no one-to-one correlation between Vg and
v nor Vg and C, [34,123,124], although the overall trend of decreasing
Vr with increasing v does exist. However, in the range of v from 0.2 to
0.3, glasses with widely different Vi values but similar v values exist
and vice versa. For instance, Scannell et al. [125] found that within the
ternary Na,O-Ti0,-SiO, system, the densification contribution to the
indentation deformation was constant over a wide range of v values
(0.18-0.23) within the experimental uncertainty, followed by a rapid
decrease in Vi with increasing v at v = 0.24. It was suggested that other
compositional differences, e.g. the evolution of v, Young's modulus, and
hardness with increasing density, come into play. In other words, two
glasses with a similar set of material properties can respond differently
to indentation if the density dependence of those properties differs.
Such changes are composition dependent. Therefore, it is important to
consider the nature of the chemical bonds along with » when estimating
Vr. More studies are thus needed to develop a composition dependent
model for V.

Yoshida's AFM-methodology [38] has also been utilized to under-
stand the correlation between v and the propensity of glasses to form
pile-up around the indentation edges [34]. The formation of pile-up is
considered to be related to the ability to activate isochoric shear flow
during indentation. Sellappan et al. [34] found that the propensity to
form pile-up increases with increasing v (Fig. 17). For v ~ 0.3, glasses
tend to resist both densification and pile-up formation.

6.2. Role of chemical composition

In order to understand the compositional dependence of deforma-
tion mechanism and CR, Kato et al. [33] investigated a series of bor-
osilicate glasses and probed their tendency to densify during indenta-
tion. Several SiO,-rich glass series were investigated, where B,O3 was
substituted for either SiO, or Na,O. The depth recovery ratio (scaling
with V) was found to be very sensitive to composition variation. In the
20Na50-xB,03-(80-x)SiO, system (all fractions in mol%), the indent
depth recovery upon annealing displays a minimum at the composition
with equal amounts of Na,O and B,O3, i.e., where there is a maximum
in the fraction of B in tetrahedral conformation. Upon further addition
of B,O3, the propensity to densify increases again. This indicates that Vg
not only depends on the molar fraction of B,O3, but also on its co-
ordination state as controlled by the fractions of the other network
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Fig. 15. Cross-sectional SEM images of the subsurface shear bands observed in
calcium aluminoborosilicate glasses. Increasing the B,03/SiO, ratio (from a to
¢) leads to an increase in the shear band density.

Figure reproduced from Gross et al. [119] with permission of Elsevier.

constituents. Based on this result, densification was proposed to be fa-
cilitated by the open, planar trigonal boron units [33].

The role of boron on Vi was further investigated for xNa,O-(100-x)
B,O; glasses [116]. Initially, when the modifier concentration is low,
the network consists primarily of planar boroxol rings, exhibiting a high
propensity for shear flow, since the rings are suggested to slide on top of
each other. The network becomes more rigid at higher Na,O content,
hindering deformation through shear flow and thus manifesting itself as
a small increase in Vg. Finally, once the Na,O/B,O3; becomes large
enough, i.e., when non-bridging oxygens (NBOs) start to form at the
expense of boron tetrahedra, the possibility to shear is enabled, re-
sulting in a decrease in Vy. It is also worth noting that for the binary
sodium borate glasses, neither the relation between Vg and v nor that
between Vg and C, resemble those discussed in Section 6.1. This un-
derlines that the deformation mechanism is sensitive to specific struc-
tural units in the glass, and not merely to v or Cg.

The effect of NBOs on the shear flow deformation has also been
investigated in different alkali and alkaline earth silicate glasses [126].
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Fig. 16. Dependence of Poisson's ratio (v) on the volume recovery ratio (Vy) for
arange of different glasses. The dashed sigmoidal line is a guide for the eye. The
data suggests that the propensity to densify when subjected to loading de-
creases with increasing Poisson's ratio, with the mode of deformation changing
from densification to isochoric shear flow.

Figure reproduced from Yoshida et al. [38] with permission of Cambridge
University Press.
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Fig. 17. Pile-up contribution to the total indentation volume (Vp) as a function
of Poisson's ratio (v) for different glasses. The ability to deform through iso-
choric shear flow moving towards the edges of the indentation site increases
with increasing v.

Figure reproduced from Sellappan et al. [34] with permission of Elsevier.

The tendency to deform through densification or shear flow was found
to mostly depend on the SiO, concentration (decreasing Vyx with in-
creasing R,0/Si0, or RO/SiO, ratio), while the type of modifier or its
size has a negligible impact on the Vi value. The ability to shear ap-
proaches zero around and below the composition with 80 mol% SiOa.
This corresponds to the point where modifier-rich domains, or so-called
modifier channels, begin to form according to the modified random
network model [127]. These conclusions have been supported by MD
simulations on silicate glasses with varying sodium content, where the
volumetric strain as a function of hydrostatic pressure was monitored
[93]. The shear strength was found to be larger for glasses with higher
connectivity, whereas more-depolymerized glasses tend to deform
through shear flow at relatively low stresses.

Kjeldsen et al. [128,129] have studied the impact of mixing two
different modifier species on the deformation mechanism. Both in
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mixed alkali and mixed alkaline earth aluminosilicate glasses, the
densified volume displays a local minimum around the composition
with equal molar concentrations of the two modifiers, exhibiting the so-
called mixed modifier effect. On the other hand, the volume displaced
through isochoric shear flow exhibits negative and positive deviation
from linearity for alkali and alkaline earth modifiers, respectively.
These compositional trends in deformation mechanism correspond well
to those observed in hardness, suggesting that the propensity to dis-
place the material through shear flow (i.e., the deformation mechanism
with the largest resistance to loading) dictates the value of hardness.
These conclusions were later supported by MD simulations [98].

Limbach et al. [123] as well as Barlet et al. [130] have focused on
the effect of mixing two network formers (SiO, and B,O3) on indenta-
tion deformation, thereby revisiting the study of Kato et al. [33] on
ternary sodium borosilicate glasses. Limbach et al. [123] detected a
local minimum in Vy in the ternary sodium borosilicate phase diagram
in the vicinity of the 10Na,0-16B,03-74Si0, composition (Fig. 18), but
interestingly, this glass exhibits a fairly low v-value (0.206). The low v-
value may be attributed to the expected high population of Si- and B-
containing reedmergnerite and/or danburite rings [131], which form a
rigid three-dimensional network. These superstructures should hinder
the propensity to deform through shear, and the authors acknowledge
that the low Vi value is in contradiction to the expectations, while
suggesting that the current empirical structural models might need to
be reconsidered. The contribution of Barlet et al. [130] shows that the
densification ability decreases with increasing Na,O content (and with
increasing v following the Na-induced depolymerization), but the rate
of Vy decrease with increasing v is dictated by the SiO,/B,0Oj3 ratio as
illustrated in Fig. 19. This further challenges validity of the Vi vs. v
correlation suggested in Refs. [34, 38].

The structural dependence of Vi has also been studied in the
25Na,0-xAl,03-(75-x)B,03 system [124]. In this system, the propensity
to densify upon indentation appears to increase slightly towards the
metaluminous composition (i.e., with equal Na,O and Al,03 contents),
and then decreases upon further addition of Al,O3 to the network. This
compositional scaling is interpreted in terms of the boron coordination
change as a function of the Al,03/B503 ratio. Since Na-cations pre-
ferentially charge-balances Al-tetrahedra units relative to B-tetrahedra
[124,132], the average boron coordination number decreases with in-
creasing Al,03/B>03 ratio. Supplemental hot compression experiments
performed on these glasses have shown that boron undergoes a three- to
four-coordinated transition with increasing density, which suggests that
an increase in coordination may be occurring during indentation [124].
This densification-induced structural reorganization should be most
prominent in the glasses with the lowest Ny-values (ratio of four-co-
ordinated to total boron), thus explaining the increase in Vi with in-
creasing Al,03/B505;. Upon crossing the metaluminous border, five-
coordinated Al-species begin to form, inducing a decrease in Vg.
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Fig. 19. Volume recovery ratio (V) as a function of Poisson's ratio (v) for so-
dium borosilicate glasses. The two dashed lines correspond to two different K-
values (SiO,/B,05 ratios). Glasses with low K-value (~2.5, blue dashed line)
line exhibit a higher decrease in Vi with increasing v compared to glasses with
high K (~4.5, red dashed line).

Figure reproduced from Barlet et al. [130] with permission of Elsevier.

6.3. Role of post-treatment

The structure and properties of oxide glasses are dictated by their
chemical composition, but can also be tuned by various post-treatment
methods. For instance, it is well-known that the thermal history of the
glass has a significant impact on its properties. Slowly cooled glasses
(i.e., with a lower fictive temperature, Ty) attain a higher density (with
the exception of the anomalous SiO, [57]), since the glassy network had
more time to rearrange its structure corresponding to that of the su-
percooled liquid at a relatively low temperature. More rapidly cooled
glasses with higher T; has less time available for structural rearrange-
ment, resulting in a structure corresponding to a supercooled liquid at a
relatively high temperature with lower density. Intuitively a significant
density change is expected to affect the potential to densify during in-
dentation. This has been investigated in several studies outlined in the
following.

The indentation cracking and deformation characteristics were
studied on an aluminosilicate glass composition subjected to sub-T,
annealing treatment for various durations [133]. The glass sample with
the highest Tt (i.e., lowest density) indeed recovers most of its depth
upon post-indentation annealing (corresponding to highest V), and the
tendency to densify during indentation decreases with decreasing Tr.
Furthermore, the resistance to indentation cracking was observed to
decrease along with the decrease in Ty, which corresponds well with the
idea that densification facilitates stress dissipation, minimizing the
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Fig. 18. Representation of the volume recovery ratio (V) dependence on the chemical composition in the ternary Na,0-B,03-SiO, system. The local minimum
corresponds to the expected local maximum in borosilicate rings such as reedmergnerites and danburites.
Figure reproduced from Limbach et al. [123] under the Creative Commons Attribution 4.0 International Public License.
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residual stress available for crack initiation. Similar conclusions were
reached by Malchow et al. [134], who studied a sodium borosilicate
composition. Quenched glass samples exhibited higher tendency to
densify during indentation and higher CR compared with a slowly
cooled sample. Zehnder et al. [135] later investigated the same glass
composition and studied the indentation behavior of samples quenched
onto graphite molds with varying temperature. An increase in
quenching rate (and thus Ty) was found to affect CR, in agreement with
the work of Malchow et al. [134]. However, it was pointed out that the
crack probability vs. indentation load curves were not significantly
different for glasses quenched onto molds at 450 °C, 250 °C, or room
temperature. In other words, there is a limit for how much CR can be
improved by increasing Tf.

Rouxel et al. [39] probed the indentation morphology in different
inorganic glasses, including amorphous silica, window glass, GeSe,4
glass, and Zrss5CuszoNi;gAls bulk metallic glass. Each glass was subjected
to high pressure in a DAC, and the indentation characteristics of the as-
made and compressed samples were then compared. Both of the studied
oxide glasses exhibited significant increases in density and v, resulting
in higher propensity for pile-up formation (Fig. 20) and decreased
tendency for densification. Later, Aakermann et al. [136] subjected a
series of aluminosilicate glasses to high-temperature compression, re-
sulting in permanent densification of bulk specimens. Based on quan-
tification of Vg, the compressed glasses are found to be much less prone
to densify during indentation compared to the as-made glasses. This
was in turn used as an explanation for the pressure-induced decrease in
CR, since the reduced potential for densification leads to less dissipation
of the work supplied by the indenter. The pressure-induced increase in
density and accompanying decrease in CR has been observed in nu-
merous oxide glass systems [137], with one notable exception. In a
modifier-free B,03-P,05-Al,03-SiO, composition, compression leads to
network densification, but CR increases, while Vg is constant within the
error range [138]. This underlines the importance of considering the
atomic structure of the glass when evaluating the correlation between
chemical composition and CR.

To the authors' knowledge, there are no published experimental
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studies of the indentation deformation mechanism of ion-exchanged
glasses, which quantify the deformation volumes. However, MD simu-
lations have been used to address this problem. Luo et al. [100] in-
vestigated different surface strengthening methods and their impact on
the indentation densification, shear deformation, and stress field.
Thermal tempering, which is a frequently used method to physically
strengthen glass, results in a compressive stress layer at the surface
induced by rapid cooling. Ion exchange has the same effect, but occurs
due to the replacement of smaller mobile ions in the glass with larger
ones from a molten salt bath. In both cases, the compressive stress layer
is responsible for inhibition of crack propagation, but the free volume in
the affected surface layers of the thermally tempered and ion-ex-
changed glasses differs. Upon thermal tempering, the glass exhibits
higher free volume compared, while the opposite is found for ion-ex-
changed glasses. This results in a higher propensity to densify during
indentation for thermally tempered glasses, and lower densification
ability for ion exchanged glasses. These MD simulation results largely
agree with experimental studies by Koike et al. [139] as well as Gross
and Price [64], who focus on the stress-induced optical retardation. A
large change in optical retardation occurs following thermal tempering,
which can be interpreted as a shift in deformation mechanism from
shear- to densification-driven. However, the impact of chemical
strengthening on the optical retardation is significantly smaller and
thus more challenging to interpret.

6.4. Role of strain rate

The nanohardness of soda-lime silica glass has been determined
using different loading rates [45,140], with a remarkable observation
concerning shear bands. That is, the formation of shear bands inside the
indent cavity appeared to be rate-dependent. Lower loading rate re-
sulted in a higher concentration of shear bands (Fig. 4), corresponding
to highly serrated pattern in the load-displacement curves. Intuitively,
this is explained by the longer time available during the slow in-
dentation to activate shear band formation.

Later, Limbach et al. [141] investigated the strain rate sensitivity of

Fig. 20. Topographic images of indentation sites
acquired using atomic force microscopy for (a)
amorphous silica, (b) amorphous silica compressed
at 25 GPa, (c) bulk metallic glass, and (d) platinum.
The images suggest that upon pressure treatment,
the deformation mechanism for silica glass changes
from being densification-dominated to shear-driven,
resembling that of highly packed metals.

Figure reproduced from Rouxel et al. [39] with
permission of AIP Publishing.
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hardness (i.e., dependence of hardness on the loading rate) for a wide
range of different glass systems. While no evaluation of densification or
shear flow contributions to the indent sites was performed, the study
presents valuable information since hardness is linked to the deforma-
tion mechanisms. No correlation between the packing density (used as a
metric for densification potential by the authors) nor the average bond
strength and strain rate sensitivity was found. On the other hand,
Poisson's ratio appeared to be a good indicator of the glasses' strain rate
sensitivity. For low v-values and thus high network dimensionality
(e.g., amorphous silica), it is assumed that deformation proceeds once
an activation barrier is overcome. For intermediate network di-
mensionality (v between 0.30 and 0.35), the deformation is highly
strain rate-dependent. For sufficiently high v-values, deformation pro-
ceeds independently of the loading rate, while the shear plane is found.

Shikimaka et al. [142] used the AFM method to study the densifi-
cation contribution to the indentation volume at different strain rates
for a series of aluminophosphate glasses. A negative correlation be-
tween densification contribution and strain rate was established, which
is ascribed to the fact that shear flow is more easily activated when
sufficient time for such event is available (i.e., when the strain rate is
low). Hardness was also found to decrease with decreasing strain rate
[135,142], implying that the rearrangement processes accompanying
indentation occur more easily in low strain rate conditions. As more
time is available for shearing, and thus for the densified material to be
displaced from the indenter tip, further densification is enabled. This is
supported by Mackenzie [18], who suggested that shear deformation
facilitates densification. In Ref. [142], the authors also examined the
load dependence of the deformation mechanism, concluding that the
densification contribution decreases with increasing load, in agreement
with experimental evidence [143]. This is also a consequence of shear
flow being more easily activated when the deformation volume is large.

The above mentioned strain rate dependence of the two deforma-
tion mechanisms, shear flow and densification, has also been confirmed
by Gross and Price [64] for borosilicate and boroaluminosilicate glasses
under dynamic and quasi-static indentation configurations. The differ-
ence in deformation mechanisms corresponded well with the strain rate
dependence of CR, with less subsurface damage leading to less residual
stress and thus higher CR for shorter contact times.

6.5. Role of indenter geometry

Peter [15] discovered that increasing the indenter tip sharpness
leads to more pronounced shear deformation and less densification.
This observation was later quantified [144], by using different indenter
geometries and measuring the densification contribution to the in-
dentation response of soda lime silica glass. These findings have also
been confirmed by microindentation experiments on different oxide
glasses [118], nanoindentation experiments on soda lime silica [145],
and molecular dynamic simulations for a series of sodium potassium
aluminosilicate glasses [99]. Furthermore, Gross [118] observed that
the cracking pattern changes from radial/median to ring cracking with
increasing indenter angle, which is correlated to the change in the stress
field surrounding the indentation cavity, in agreement with the pre-
dictions of Yoffe [41].

The correlation between cracking and densification has also been
investigated using finite element modelling [54]. The crack length was
found to be less sensitive to changes in load for blunter indenters (e.g.,
Berkovich geometry) compared to sharper indenters (e.g., cube corner
geometry). In other words, when the densification is the prevailing
deformation mechanism, there is a smaller increase in crack length with
increasing load. It was concluded that the Hoop stress is reduced by
densification, which forces cracking to initiate at larger depths.

Yoshida et al. [66,146] studied the deformation of various silicate
glasses in situ during indentation by situating the indenter on top of an
inverted microscope. This enables monitoring the contact area between
the glass sample and the indenter tip continuously as the indentation
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cycle progresses. These measurements confirmed the above mentioned
correlation between indenter sharpness and densification propensity.
Additionally, the study also quantified the bowing in of the glass along
the edges of the indenter, providing new insight into the deformation
behavior. That is, the bow-in parameter, expressed as the ratio between
center to corner distance and center to edge distance (Lc/Ly), decreases
with increasing sharpness of the indenter (Fig. 21). The bowing in of the
glass along the edges was in turn correlated to the event of edge
cracking, with larger Lc/Ly ratio corresponding to larger propensity for
edge cracking.

7. Reevaluation of densification and cracking data
7.1. Impact of adaptivity on densification contribution

Based on the initial empirical evidence [38] and the correlation be-
tween network dimensionality and v [122], the propensity for glass den-
sification during indentation (Vg) was assumed to scale inversely with v.
However, later work [34,123,124,130] showed that there is considerably
more scatter in the Vi vs. v data compared with the initially proposed
sigmoidal relation (Fig. 16). Januchta et al. [35] suggested that the ability
to densify during loading not only depends on v, but also on the ability of
structural units abundant in the glass to respond to pressure — the so-called
“atomic self-adaptivity”. For instance, structural units containing three-
coordinated boron atoms are very prone to local rearrangements, and fa-
cilitate densification [33,147], which is in turn linked to the ability of
boron to change its coordination with oxygen from three to four when
subjected to pressure [148]. It is therefore expected that highly adaptive
glasses rich in trigonal boron may display higher Vy value than that an-
ticipated for a given v-value. This is illustrated in Fig. 22, where all the
available Vi data is plotted as a function of v, with the data points for
borosilicate glasses indexed by the [BY'0s]/([B,Os] + [SiO,]) ratio
[33,34,38,115,116,123,125,126,129,130,136,138,149,150]. The glasses
with the highest trigonal B,O3 content relative to the sum of total B,O5
and SiO, (marked by blue) are shifted to the right of the general trend
containing mostly silicate, aluminosilicate, and relatively B,Os-poor bor-
osilicate glasses or glasses where most boron is in tetrahedral coordination
with oxygen (marked by red). This points to the importance of considering
the chemical composition and underlying network structure when pre-
dicting Vg.
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Fig. 21. Bow-in parameter (Lc/Lg) as a function of the indenter face angle ()
for soda-lime silica glass. The distances corresponding to Lc and Ly, respec-
tively, and the angle B are explained in the right-hand side of the figure. With
increasing sharpness of the indenter, the contact area between sample and in-
denter resembles its geometry better. This is in turn correlated to a decreased
tendency to form edge cracks.

Figure reproduced from Yoshida et al. [66] under the Creative Commons At-
tribution 4.0 International License (CC BY 4.0).
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Fig. 22. Scatter-plot of volume recovery ratio (V) as a function of Poisson's
ratio (v) for various oxide glasses. Data are taken from Refs. [33, 34, 38, 115,
116, 123, 125, 126, 129, 130, 136, 138, 149, 150]. The color of the data points
refers to the content of B,Oj in trigonal coordination with oxygen normalized to
the total content of B,O5 and SiO,, i.e., [BY'03]/([B205] + [SiO,]) ratio. The
black data points correspond to glasses containing neither BO3 nor SiO,. Vg
appears to decrease gradually with increasing v. However, the glasses rich in
trigonal boron are shifted to the right, suggesting that they are generally more
capable of densification. This is presumably controlled by their larger pro-
pensity to change the local atomic structure under loading [35].

7.2. Competing effects of bond strength and residual stress on crack
initiation

Various researchers have attempted to correlate the propensity to
densify with the resistance to indentation cracking in oxide glasses
[32-34,63,136]. This is based on the idea that densification dissipates
the energy supplied to the material during indentation, resulting in a
lower residual stress upon unloading [31,32], which translates into a
lower driving force for crack initiation. These considerations are based
on Yoffe's stress field calculations [41] and later adjustments [34,63],
with 1 — Vi used as a metric of the residual stress. However, while the
calculations are capable of predicting the characteristic cracking pat-
tern (mainly governed by v), no predictive composition- or property-
dependent model of CR exists [35]. The poor correlation between CR
and Vi may be because the deformation mechanism at the atomic scale
should be considered rather than simply the macroscopic volume
change, as different structural rearrangements may lead to different
extent of energy dissipation. Moreover, although Yoffe's stress field
calculations [41] take residual stress into account (i.e., driving force for
crack initiation), they do not contain any parameter quantifying the
resistance to crack propagation. In other words, two glasses with the
same set of properties (E, H, v etc.) and same propensity to densify (i.e.,
identical Vi values) must necessarily exhibit the same CR value.
However, if the toughness (i.e., the resistance to crack propagation) of
the two glasses differs significantly, the proneness to form cracks should
differ accordingly. This is in line with the conclusions drawn from MD
simulations on Na—K aluminosilicate glasses [99], in which the re-
sistance to indentation-induced fracture depends on two components: i)
local fracture criterion, which is an intrinsic material property, de-
pending largely on the chemical composition, and ii) stress evolution
under indentation, depending on the indenter geometry or other ex-
trinsic parameters. Additional supporting evidence for the importance
of bond strength comes from the highly crack-resistant aluminate
glasses containing no weak modifier bonds [151,152]. Although no Vg
data is given for these glasses, the densification contribution is not
expected to exceed that of, e.g., amorphous silica, with significantly
worse resistance to indentation crack initiation.

In the following, we attempt to account for both the effects of
driving force (residual stress) and activation barrier (bond strength) on
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crack initiation. To do so, we first compute the molar dissociation en-
ergy content (Epgass) based on the dissociation energies and molar
fractions of the constituent oxides for the glasses of interest (i.e., all
oxide glasses where Vi and CR values are available
[33,34,38,115,116,123-126,129,130,136,138,149,150]), as shown in
Eq. (21).

Ep glass = Z Xm405ED,Ms 055 1)

where x_M,Op is the molar fraction of a given oxide, and E4 u,0, is the

dissociation energy of that oxide taken from Ref. [153]. Ep gas thus

reflects the amount of energy per mole of glass unit needed to break all

the bonds in a given network. For example, in a 20 mol% Na,O — 80 mol

% SiO glass, the molar energy content can be calculated as in Eq. (22):
kJ kJ kJ

Ep glass = 0.201004—— + 0.8+1774—— = 1620——
mol mol

mol (22)

Bond strength considerations have recently been successfully ap-
plied in the prediction of fracture toughness of oxide glasses [71]. Here,
we use the product of Vg and Ep g1, as a predictor for CR, as it contains
both the proneness of the glass to dissipate energy and to resist crack
initiation. As such, there is no physical meaning to this quantity, but it
effectively presents which glasses pose a favorable balance between
energy dissipation and crack initiation resistance.

There is a positive, exponential-like correlation between CR and
VRED glass, although the data remain scattered (Fig. 23). However, the
correlation is significantly improved compared to that of CR vs. Vg, as
presented in Ref. [35]. The data scatter can be partially explained by
the different experimental conditions used by different research groups
(e.g., load or loading rate), which can influence the densification con-
tribution relative to that of shear flow [64,135,143]. Furthermore, it
should be noted that some studies only reported the critical load for
generation of one and four cracks, respectively [36,125], rather than
two as for the remainder of the data, causing these data points to de-
viate from the trend. Finally, it should be noted that in the prediction of
fracture toughness, where propagation of cracks in oxide glasses is
believed to follow the weak bonds of the network [71], the dissociation
energy of the oxide bonds is normalized by density. This results in units
of J/m® rather than J/mol as shown in Eq. (22). We argue the crack
initiation resistance is related to the formation of a critical flaw, which
can in principal initiate from the breakage of a single bond, i.e., bond
density should not be important for prediction of CR. In this work,
Ep g1ass Was computed based on the average of all cation-oxygen bonds
available in the glasses to simplify the calculation and to avoid un-
necessary assumptions with regard to the most probable crack initia-
tion. We expect that an improved prediction is possible in future work
by accounting for the probability of breaking the different bonds as well
as structural heterogeneities in the glasses.

8. Summary and perspectives

We have reviewed the open literature on the deformation me-
chanisms associated with indentation in oxide glasses. This subject is
important from an engineering perspective, since a more in-depth un-
derstanding of how the deformation mechanism can be controlled, e.g.,
through adjusting the chemical composition, will facilitate the design of
more damage-resilient glasses. Significant research efforts have already
been directed towards this goal, and a general understanding of the link
between the indentation deformation mechanism, associated structural
changes, and the proneness to cracking has been established. For in-
stance, promoting the ability to densify improves the crack resistance,
since the elastic energy stored during loading can be dissipated through
compaction of the material achieved through structural rearrangements
in the glassy network. However, there is no one-to-one correlation be-
tween the ability to densify and crack resistance in oxide glasses, and
multiple other factors need to be taken into account. This review has
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Fig. 23. Scatter plot of crack resistance (CR) as a function of the product of
volume recovery ratio (Vg) and the molar glass dissociation energy (Ep giass)-
Data from Refs. [33, 34, 115, 123-126, 129, 130, 136, 138, 149, 150]. Sell-
appan et al. [34] and Scannell et al. [125] report the critical load for generation
of one and four cracks, respectively, rather than two corresponding to CR. The
dashed line is a guide for the eye. The correlation suggests that higher CR can be
obtained in glasses which exhibit a combination of many strong bonds and high
propensity to densify.

summarized the current state of the art and reevaluated some of the
existing data to provide new information and facilitate further research.

Many studies have focused on the quantification of the volume re-
covery ratio (Vy), which is a measure of how much of the supplied
energy during loading can be dissipated through network densification.
The available data suggests that there is a general negative correlation
between Poisson's ratio (v) and Vi. That is, oxide glasses with low v
usually exhibit high free volume fraction, facilitating densification, and
high degree of cross-linking, increasing the resistance to shear de-
formation. Glasses with high v tend to behave oppositely, since their
low dimensionality facilitates shearing and lack of space between atoms
hinders densification. However, the trend is rather scattered, and it is
impossible to predict Vi based solely on v, and we show that the che-
mical composition has a direct influence on the correlation. Boron-rich
glasses tend to densify more easily than silicate glasses, which is
probably attributed to the ability of trigonal boron atoms to increase
their coordination number to four under compressive stress.

Higher ability to densify is often associated with higher resistance to
indentation cracking. However, there appears to be a poor correlation
between crack resistance (CR) and Vy. In this work, we argue that while
the energy-dissipating network compaction has a large influence on CR,
the strength of the bonds involved in the fracture process also needs to
be considered. In other words, Vi can be used as an indicator of the
residual stress driving the crack opening, while the bond strength can
be seen as a resistance to crack initiation. Indeed, we find that the
product of Vi and average bond strength (calculated from the dis-
sociation energies of the oxides) exhibits a positive correlation with CR.
Future work focusing on strong, yet easily compactible glassy networks
might aid the discovery of even more crack-resistant oxide glasses.

Finally, we note that the vast majority of the reviewed work has
focused on the densification contribution to the indentation-induced
deformation. In our opinion, more light should be shed on the elastic
recovery as well as the shear flow deformation modes. A better un-
derstanding of the structural features facilitating the initiation of shear
flow, or a proper methodology to extract some quantifiable information
regarding the shearing characteristics are desired.
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