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Introduction and outline of the
manuscript

Silicate glasses are among the most widely used materials across the widest range of human ac-
tivity due to their unique combination of optical clarity, mechanical strength, and chemical dura-
bility. Composed primarily of silicon dioxide (SiO2), often with the addition of other oxides such
as sodium oxide (Na2O) and calcium oxide (CaO), these glasses are integral to numerous appli-
cations. In architecture, they are used in windows, facades, and insulation, providing both light,
structural support, and energy efficiency. In electronics, silicate glasses are critical for the manu-
facture of displays and screens, where their hardness and scratch resistance are essential. Addi-
tionally, in the optics industry, glasses are employed in lenses, prisms, and optical fibers, owing
to their low optical dispersion and high transparency. The versatility of silicate glasses extends to
their use in packaging, particularly for food and pharmaceuticals, where their impermeability and
chemical inertness offer unmatched protection. Moreover, in the automotive and aerospace in-
dustries, silicate glasses are used for windshields and cockpit windows, but also as reinforcement
fibers in polymer composites, where their combination of lightweight and mechanical strength is
highly valued.

Despite their widespread application, silicate glasses are not without limitations, particularly
in their mechanical performance under stress. Their use is often limited by their low fracture
resistance, despite their remarkably high intrinsic strength. It has long been understood that sur-
face defects dramatically reduce the mechanical strength of silicate glasses. Remarkably, among
various silicate glasses, which otherwise share similar mechanical properties (their elastic, plastic,
and resistance to fracture propagation are very close), some exhibit significantly better resistance to
crack formation than others. Understanding how surface defects form in silicate glasses and how
sensitivity to surface damage is related to composition remains an open question in materials’
mechanics and a significant technological challenge.

It has been more or less explicitly suggested for some time that material damage resulting
from shear-induced plastic flow, particularly the formation of shear bands, plays a crucial role in
the initiation of fractures [1]. However, this hypothesis has yet to gain traction in the literature
and has not been systematically tested, primarily due to challenges in modeling the plastic re-
sponse of these materials at the continuum scale, and thereby accurately representing the plastic
deformations that occur during indentation.

In this thesis, we therefore attempted to characterize this plasticity experimentally at the local
scale as well as the dynamics of the physical processes involved. The manuscript is organized in
an introductory chapter followed by two results chapters which can be read independently, like
articles.
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• Chapter 1: Structure and mechanical properties of oxide glasses: state of the art

This chapter provides a short review of the structure and mechanical properties of oxide
glasses, especially borosilicate glasses. We explore the basic principles governing the behav-
ior of silicate glasses, including their brittleness and the mechanisms of plastic deformation
and in particular densification and shear flow, and especially the impact of glass compo-
sition, offering a detailed exploration of how different oxides contribute to the overall me-
chanical performance. Special attention is given to the constitutive relations that predict the
behavior of oxide glasses under various conditions.

• Chapter 2: Effect of irradiation on silicate glasses plasticity – in-situ micromechanical
testing

This chapter focuses on the experimental investigation of the effects of electron irradiation
on the plasticity of silicate glasses. It presents a detailed account of in-situ microcompression
tests performed on micropillars under irradiation, including the morphology observed in
micropillars after compression and stress relaxation experiments. It explores the relation
between the strain rate sensitivity of the plasticity of silicates and irradiation, providing
insights into the composition dependence of the mechanisms driving plasticity.

• Chapter 3: Characterization of indentation cracking in alkaline-earth aluminoborosilicate
glasses: densification vs plastic shear flow

The chapter investigates the mechanisms of indentation cracking in alkaline-earth alumino-
borosilicate glasses, with a specific focus on the quantification of shear localization. Starting
from the observation of cross-sections of indents, we propose a new approach to characterize
the morphology of the shear bands and their distribution by measuring roughness in the
plastically deformed region. This method quantifies the extent of shear flow localization
and offers new insights into how different glass compositions influence the formation and
propagation of cracks. Comparing with more usual parameters such as thermal recovery
measurements and Poisson ratio, this chapter highlights the significance of shear flow to
better understand the relationship between composition and crack resistance.

The characterization methods and data processing routines are detailed at the beginning of
each chapter.
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1.1 Silicate glass : structure and general mechanical properties

1.1.1 Mechanical properties of oxide glasses

1.1.1.a General discussion about oxide glasses

In an Ashby diagram (Fig. 1.1), oxide glasses are classified as "Technical ceramics". They have
relatively high rigidity, with Young’s modulus values of around 50 to 90 GPa and densities rang-
ing from 2000 to 3000 kg/m3. But what is even more striking is that the region covered by oxide
glasses is relatively tiny on this diagram, which implies that in most cases and for most glass com-
positions, their mechanical properties will be more or less similar. This places silicate glasses in a
group of materials that offer good rigidity for their weight. This combination enables oxide glass
to withstand stress without deforming too much while remaining relatively light. This is an ad-
vantage in applications where it is important to limit weight while retaining a degree of rigidity.
In the design of structural elements, vehicle components, or applications where weight efficiency
is crucial (such as aerospace or portable devices), glass can be a wise choice. For example, a lighter
material with high rigidity can allow thinner or less dense structures to be built without compro-
mising mechanical performance, which can also contribute to better fuel economy in vehicles or
reduced structural loads in buildings.

FIGURE 1.1: Ashby diagram displaying Young’s modulus (E) as a function of density (ρ) (from
[2]).

Another significant property of oxide glasses is the hardness which measures their resistance to
permanent deformation or scratching. A quantitative measure of hardness is the Vickers hardness
test, carried out by applying a specific force F to a square diamond tip and measuring the area A
of the indent left on the material. Vickers hardness is then defined as Hv ≡ F/A and values for
oxide glasses are generally in the range of 2 to 8 GPa [3, 4] which is relatively high compared with
metals, for example, most of which have a hardness of around hundreds of MPa or lower.
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On the other hand, oxide glasses also exhibit thermal properties that play a role just as crucial
as mechanical properties in their behavior and exploitation. Two of the most significant ther-
mal properties are the glass transition temperature (Tg) and the coefficient of thermal expansion
(CTE). Upon reaching the glass transition temperature from below, the amplitude of atomic and
molecular movement within the amorphous structure is enhanced. For multicomponent oxide
glasses, the Tg generally ranges between 500°C and 800°C [5, 6] but can reach up to 1200°C for
pure amorphous silica. This wide range is dependent on the specific composition of the glass.
Finally, the coefficient of thermal expansion measures the tendency of a material to change vol-
ume in response to a temperature change. The CTE typically ranges from 5 to 10 x 10−6 °C for
oxide glasses. A low CTE is often desirable as it means the material expands or contracts little
with temperature changes. Finally, oxide glasses are renowned for their remarkable transparency,
a property that significantly contributes to their widespread use in various applications. This op-
tical transparency is primarily due to the glass’s wide band gap, which prevents visible light’s
absorption, allowing it to pass through the material with minimal scattering or absorption. The
inherent transparency of silicate glasses makes them ideal for windows, lenses, and other opti-
cal devices, as they provide clear and undistorted views while maintaining structural integrity.
This unique combination of transparency and durability underscores the essential role of silicate
glasses in both everyday products and advanced technological applications.

1.1.1.b A model to predict the mechanical properties

One of the simplest glass properties to measure is the density (ρ), as the previous diagram ex-
posed. Archimedes’ method [7] consists in immersing the glass sample in water and measuring
the displaced volume. It can easily determine the volume of odd-shaped samples. Density ρ is
then obtained by dividing the mass (m) of the glass sample by the volume (V). This property
is useful for calculating the atomic packing density (Vt) (defined in the conventional way as the
ratio between the total volumes summed over all atoms based on known atomic radii and the
actual volume calculated from measured density and composition). In the ’70s, Makishima and
Mackenzie [8] developed a model to predict Young’s modulus (E) by using this atomic packing
density and the dissociation energy per unit volume (G) (or inter-atomic bonding strength) with
the following equation:

E = 2VtG (1.1)

With the assumption of a multicomponent glass, (1.1) becomes:

E = 2VtG = 2(
ρ

M

n

∑
i=1

ViXi)(
n

∑
i=1

GiXi) (1.2)

where M is the effective molar weight, Gi is the dissociation energy of oxide i, Xi is the mole
fraction of oxide i and Vi is the packing factor of the oxide i. For an oxide AXOY, Vi and Gi have
also been determined by Inaba [9] with the following equations:

Vi = 6.023 × 1023 4
3

π(XR3
A + YR3

O) (1.3)
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Gi =
ρi

Mi
[X∆H f (A, gas) + Y∆H f (O, gas)− ∆H f (AXOY, crystal)− (X + Y)RT] (1.4)

RA and RO are the respective ionic radius of cation and oxygen. Mi and ρi are the molecular weight
and the density of the oxide i, and ∆H f are the molar heats of formation from the elements in their
standard states of the oxide and gaseous atoms. In his paper, Inaba provided Vi and Gi values
for a wide range of oxides. Subsequently, Makishima and Mackenzie [10] further developed their
model to calculate the bulk modulus (K), the shear modulus (G), and the Poisson ratio (ν) of oxide
glasses:

K = 2.4Vt
2G (1.5)

G =
7.2Vt

2G
10.8Vt − 1

(1.6)

ν = 0.5 − 1
7.2Vt

(1.7)

This Makishima-Mackenzie (MM) model is therefore relatively easy to use to quickly estimate the
stiffness and the Poisson ratio of any oxide glass from its previously measured density.

1.1.2 Structure of oxide glasses

1.1.2.a The pure amorphous silica system

Amorphous silica, or more generally oxide glasses are completely long-range disordered mate-
rials, as described by Zachariasen [11, 12]. Their structures do not display any periodicity or
symmetry with the repetition of a unit cell (Fig. 1.2.a) in comparison with crystalline structures
from metals for instance. The only reproducible pattern within the structure is a short-range or-
der of chemical nature, with one silicon atom in the center of the tetrahedron structure and four
oxygen atoms located at each corner of the tetrahedron (Fig. 1.2.b).

FIGURE 1.2: (a) Sectional view of a 3D MD simulations from [13]. It shows a typical pure-
amorphous silica structure where red spheres correspond to O atoms and blue spheres corre-

spond to Si atoms. (b) Tetrahedron structure of silicon atom bonded to four oxygens.

Therefore, each oxygen atom is shared by two silicon atoms, and another tetrahedron shares
each corner of one tetrahedron. This relatively open structure (there are no shared edges) results in
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a distribution of bond angles. The first data on this short-range glass structure comes from Mozzi
and Warren’s X-ray diffraction measurements [14]. Other methods such as neutron scattering have
enabled the estimation of the interatomic distances Si-Si, Si-O, and O-O [15] and are gathered in
Table 1.1.

TABLE 1.1: Bond lengths in pure amorphous silica

Bond Length( Å) Technique Reference

Si-O 1.608±0.004 Neutrons scattering [15]
Si-Si 3.077±0.111 Neutrons scattering [15]
O-O 2.626±0.006 Neutrons scattering [15]
Si-O 1.62±0.02 Molecular Dynamics [16]
Si-Si 3.05±0.02 Molecular Dynamics [16]
O-O 2.64±0.02 Molecular Dynamics [16]

An interaction potential for SiO2, designed and calibrated by Vashishta et al. [16] has been
used in molecular dynamics to reproduce with accuracy a structure similar to that observed in
experiments (Table 1.1). Molecular dynamics thus provides access to an intimate vision of the
material model and makes it possible to provide a distribution of its structure such as an approxi-
mation of the O-Si-O angle and the Si-O-Si angle which correspond respectively to an angle in the
tetrahedron and the interlink angle between two tetrahedra. From XRD experiments, it has also
been found the distribution of the Si-O-Si angle peaked around 146° and the O-Si-O angle around
109°.

FIGURE 1.3: (a) 2D projections of structures showing the glassy structure of pure silica with
a 6 Si-ring and a 7 Si-ring from [17], (b) Distribution of rings of pure-amorphous silica from

molecular dynamic simulations from [13, 18].

At a larger scale than the short-range order, it is difficult to describe the amorphous structure.
Following Zachariasen [11] we can try to identify patterns where SiO4 tetrahedra are connected to
form rings with n silica atoms and n oxygen atoms. For example, thanks to molecular dynamics,
Fig. 1.3.a shows a 2D structure of pure-amorphous silica displaying 6-member and 7-member
rings. More recently, scanning electron microscope (SEM) and transmission electron microscope
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(TEM) measurements from [19] provided images of the silica network in 2D which support this
description. In practice, this description is mostly used in simulations [18], described in 1.2.5.c,
(Fig. 1.3.b) in which it is fairly easy to count the proportion of n-member rings: in silica, it shows
a maximum percentage of 6-member rings in the pure amorphous silica.

1.1.2.b Multi-component glasses: glass formers and network modifiers

Pure amorphous silica is one of the simplest glasses. However, in the industrial field, it is com-
mon practice to include additional oxides to adjust the properties (mechanical, thermal, optical,
electrical, etc...) of the resulting glasses, for example, to lower their glass transition temperature
or improve their mechanical strength. These components of oxide glasses can be distributed into
three different categories: (1) glass formers, (2) modifiers, and (3) intermediate [12]. A glass for-
mer is an oxide that naturally forms an amorphous structure. It typically has a 3D network of
covalent bonds whose bond strength is greater than 80 kcal per mole according to Sun [20]. In sil-
icate glasses, the Si-O bond is the primary glass former. In contrast, network modifiers (typically
an alkaline or an alkaline-earth oxide, characterized by ionic bonding) modify the Si-O network.
Adding a glass modifier to a glass former typically results in non-bridging oxygen (NBO) atoms
within the glass structure and an associated ion nearby to maintain charge neutrality.

FIGURE 1.4: Diagram of what happens when the glass modifier Na2O is added to a pure
amorphous silica system taken from [13].

Let us consider the binary system SiO2-Na2O as an example (see Fig. 1.4 above): when a
molecule of Na2O is added to a pure silica system, one Si-O-Si bond is broken and one NBO is
formed on each of the adjacent silica tetrahedra. Each NBO is charge-compensated by a Na+.

The terminology Qx with x the number of bridging oxygens (BO) on a tetrahedron is generally
used to describe the structure: Q4 means each oxygen atom of the tetrahedron is shared by an-
other tetrahedron i.e. all four corners are bridged. A network only composed of Q4 silica is fully
polymerized. On the other hand, Q2, for example, corresponds to a silicon atom surrounded by
two NBO and two BO. It has been shown that the relative amount of NBO has a direct impact
on the mechanical and thermal properties of glasses [21, 22]. The effect of increasing NBO con-
tent is mainly network depolymerization. Consequently, the mobility in the network is improved,
resulting in a higher atomic packing density, a lower glass transition, and a lower hardness. For
example, the addition of network modifiers, such as sodium, tends to decrease the Tg due to NBOs
since less energy is required to activate the partial mobility of the network.

To go further, in 1942, Dietzel [23] proposed a classification of several oxides as a function of
their cation field to describe their ability to form or modify the glass network. We can also find
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this parameter as cation field strength (FS) in the literature. The field strength is defined according
to the following equation:

FS =
zM

(rM + rO)2 (1.8)

where zM is the cation effective charge, and rM and rO are respectively the radii of the network
modifier and its associated oxygen. FS is indicative of the magnitude of the electrostatic attractive
force between the cation and its associated oxygen. According to Table 1.2, when FS > 1, the oxide
is considered as a glass former while for FS < 0.32, the oxide is more likely to modify the network
than form it. In Chapter 3, we will see that substituting calcium, the ion network modifier with
the highest field strength, by an intermediate ion like magnesium, which has a relatively low field
strength for its category, can significantly impact the fracture properties of the glass. However, for
a given oxide, Shannon [24] shed light on multiple possible values for cation radii which depend
on its coordination number in the network. Thus, Dietzel’s classification and FS could be slightly
modified depending on the glass composition.

TABLE 1.2: Role of cation in glass and their field intensity (rO = 1.4Å) adapted from [17].

Role Cation Z rc (Å) FS

Glass formers Si 4 0.4 1.23
B 3 0.25 1.10
Ge 4 0.53 1.07

Intermediates Ti 4 0.74 0.87
Al 3 0.53 0.80
Zr 4 0.86 0.78
Be 2 0.41 0.61
Mg 2 0.86 0.39
Zn 2 0.88 0.38

Modifiers Ca 2 1.14 0.31
Pb 2 1.33 0.27
Li 1 0.9 0.19
Na 1 1.16 0.15
K 1 1.52 0.11

The third group of oxides is the glass intermediates. Depending on the composition, these
oxides act either as glass modifiers or as glass formers. The traditional example is the aluminum
oxide (Al2O3). When this oxide is added to the binary system SiO2-Na2O, Al atoms (with an initial
3-coordination) replace Si atoms in tetrahedra and form covalent bonds with oxygen. Therefore,
they are negatively charged and Na+ ions in their vicinity allow charge compensation. As a result,
the number of NBOs gradually decreases in favor of network connectivity with the amount of
Al2O3, and Tg increases. When the full network is recovered, the Tg is still lower than for pure
silica because of the added mobility due to the Na+. When the molar concentration of Al2O3

exceeds the molar concentration of Na2O, some Al atoms will then act as charge compensators
and will form ionic bonds in the glass network. Consequently, the coordination number of Al can
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also be modified (4-, 5- or 6- coordinated) [25].
A final essential glass-forming element worth highlighting is boron. Boron plays a crucial

role in the composition of borosilicate glass, where it is present as boron oxide B2O3. Within
the glass structure, boron can form two types of coordination: trigonal BO3 and tetrahedral BO4.
This structural versatility allows boron to significantly enhance the properties of the glass. The
addition of B2O3 alters the silicate network by introducing BO3 units, which reduce the viscosity
of the molten glass [26], demonstrating higher mobility than the silicate network. Additionally,
BO4 units, formed in the presence of certain modifiers, improve the connectivity of the system.
On the other hand, in other systems without silica, like the 25Na2O·xAl2O3·(75-x)B2O3 system,
the Al2O3/B2O3 ratio may also affect the boron coordination [27]. Indeed, network modifiers tend
to preferentially charge-balance Al-tetrahedra than B-tetrahedra. It results in a gradual decrease
of the average boron coordination number by adding more Al2O3.

1.1.3 Fracture properties of oxide glasses

1.1.3.a Fracture toughness

Mechanical properties also include fracture. Quantitative assessment of fracture properties helps
evaluate the stress level at which a piece of glass breaks, which must be considered when manu-
facturing devices with glass components. Various approaches have been developed, which com-
plement each other.

An important early work is due to C. Inglis, who introduced, in 1913, an analytical approach
to understanding the phenomenon of stress concentration around defects in structures [28]. He
showed that elliptic holes lead to significant increases in local stresses in high-curvature regions.
He formulated the equation for the stress σf concentration at the apex of an elliptical flaw in an
infinite plate under applied stress σ (at infinity):

σf = σ

(
1 + 2

√
a
ρ

)
(1.9)

where a is the semi-major axis length of the ellipse and ρ is the radius of curvature at the flaw tip.
Clearly, a smaller radius of curvature results in higher stress near the crack tip.

In 1921, A.A. Griffith provided a complementary viewpoint to Inglis’s work. Griffith intro-
duced an energy-based fracture theory for brittle materials [29]. He demonstrated that crack
propagation is governed by a balance between the elastic energy released by the propagation
of the crack and the surface energy created. He formulated a criterion for fracture, known as
Griffith’s criterion and expressed as:

σ =

√
2γE
πa

(1.10)

where, γ is the rupture energy per unit area of the material, E is the Young’s modulus of the
material, and a is the half-length of the crack. A larger defect leads to a lower rupture stress: this
result is analogous to the effect of a large curvature at the tip. Although the fracture energy γ of
silicate glasses is relatively low (between 5 and 10 J/m2), especially when compared to metals or
polymers, it has been observed that this fracture energy is still ten times higher than the surface
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energy. This suggests the existence of additional energy dissipation mechanisms, beyond the
simple breaking of chemical bonds, such as local plastic deformation.

Finally, in the 1950s, George R. Irwin unified these concepts by introducing the notion of stress
intensity factor K [30] which quantifies the stress enhancement around a perfectly sharp tip ie for
an infinite tip curvature (ρ → 0). Irwin’s equation for the stress intensity factor is given by:

K = σ
√

πa (1.11)

for a penny shaped crack of length 2a. Just as Griffith’s rupture energy, Irwin’s fracture toughness
defines the ability of the glass (or other material) to resist the propagation of this pre-existing crack.
In fact, γ = K2

2E . When the stress intensity factor, associated with this mode, reaches the critical
value Kc, the crack propagates within the materials. This parameter Kc defines the condition for
the onset of a rapid, or unstable, crack extension [31, 32].

But it turns out that most glasses are susceptible to undergo slow crack extension, often environmentally-
assisted, over K values below Kc, called the sub-critical crack growth. Fig. 1.5.a describes this
phenomenon with three regimes of sub-critical crack propagation [33, 34]:

FIGURE 1.5: (a) Schematic of K-v curves for glasses with the three-regions of sub-critical crack-
ing from [13, 35] and (b) effect of glass compositions on K-v curves in the region I in water

(taken from [33]).

• Region I: The slope of region I mostly depends on the time for the chemical reaction. Conse-
quently, the higher the slope of region I, the more susceptible the glass is to stress corrosion.
This mechanism of stress corrosion is described, for the case of pure amorphous silica, in
Fig. 1.6. It shows that, under stress, water molecules tend to penetrate the structure and
break siloxane bonds which is going to ease the crack propagation.

• Region II: The crack front velocity is limited by the time for the reactant to reach the crack
front.

• Region III: The velocity of the crack is too fast to be impacted by the stress corrosion and it
doesn’t allow time for the reactant to reach the crack tip. However, K is still less than Kc.
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Some glasses also exhibit a threshold Ke associated with the environmental limit where the stress
at the crack tip is insufficient to induce stress corrosion and where the crack does not propagate.
Ke is usually called the "propagation threshold".

FIGURE 1.6: Mechanism of the stress-corrosion reaction adapted from [35, 36].

The glass composition can also affect the crack growth. For example, based on measurements
by Wiederhorn [34], no sub-critical crack growth is observed under an inert atmosphere or vac-
uum (mode III) for some materials, such as silica glass or low-alkali borosilicate glasses which are
glasses with anomalous elastic properties. However, glasses with normal elastic properties such
as soda-lime silicate or aluminosilicate glasses display a sub-critical crack growth under vacuum.
It indicates that the number of network modifiers in the structure might play a role in the type of
crack growth.

A lot of attention has been devoted to the relation between Poisson ratio and the rupture prop-
erties of glasses in general (Fig. 1.7). In particular, Lewandowski et al. [37] reported a correlation
between the fracture energy and the Poisson ratio of several types of glasses. They showed, as
Fig. 1.7 also does, that higher values of ν give higher fracture energy and that the transition be-
tween brittle and tough regimes is for νc = 0.31 − 0.32. From this correlation, Poisson ratio has
been used to try to explain the different breaking properties of glasses. However, despite the
rather clear trend for metallic glasses, it appears that this coefficient can not explain everything
since little variation is registered within given families, particularly concerning silicate glasses,
where the fracture toughness values are not influenced by their composition (Fig. 1.5.b). For ex-
ample, silica, with a very low Poisson ratio, displays approximately the same fracture toughness
as soda-lime silicate or borate glasses. We can therefore say that the role of Poisson ratio, which
has nevertheless been much highlighted, is not as clear for silicate as for metallic glasses.

This entire discussion centers on crack propagation from preexisting flaws in the structure. On
the other hand, another relevant aspect of fracture is investigating what happens if care is taken
to suppress these flaws.
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FIGURE 1.7: Apparent fracture toughness of glasses as a function of Poisson ratio from [38].

1.1.3.b Intrinsic strength of glass

As we discussed just before, it is known that the practical strength or fracture toughness of glasses
is defined by the ability of the glass to resist the propagation of a pre-existing crack (Inglis and Grif-
fith theory). However, very high tensile strengths on carefully prepared pristine E-glass (defect-
free glass designed for electrical application [39]), tested under liquid N2 temperature (77 K), have
been measured in the past [40, 41, 42]. Later Kurkjian, Paek, and Gupta [43, 44] argued that these
measured fiber strength values were "intrinsic strengths". It is called intrinsic because the stress to
rupture is no longer controlled by the size of extrinsic flaws. Initially, uniaxial tension tests were
performed but experimental difficulties due to gripping limited its use. In more recent works
[45, 46, 47, 48], the two-point bending technique has been used. This method involves constrain-
ing a bent fiber between two faceplates which are brought until the fiber breaks. A computer-
controlled stepper motor brings one faceplate to the other (Fig. 1.8.a). The motor stops when the
fiber fracture is sensed by an acoustic detector. The failure strain is then calculated from the re-
maining distance between the two faces. This method gets rid of gripping issues and the setup
can easily be immersed in a liquid-nitrogen bath or other inert environment to avoid the effect of
moisture. The main drawback comes from the difficulty of assessing the failure stress from the
large failure strain (over 10%) since the constitutive law corresponds to a non-linear elastic behav-
ior in this range. However, some works proposed a theory to evaluate this failure stress from the
measured strain [49, 50].

Fig. 1.8.b shows the failure strain of E-glass and pure silica glass in an inert environment. The
narrow and sharply peaked distributions of both E-glass and silica in this graph indicate that these
materials have very consistent failure strains. This consistency suggests that the observed failure
strains are largely determined by the intrinsic properties of the material rather than by extrinsic
factors such as defects or variations in the material structure and manufacturing. In comparison
with fracture toughness, where all these compositions displayed approximately the same value
between 0.3 and 1 MPa.m1/2, the failure strain of pure silica is higher than the failure strain of
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FIGURE 1.8: (a) Schematic of the two-point bending technique and (b) Weibull plot of inert
failure strains from E-glass and silica glass fibers at 77K from [48].

E-glasses which means that defect-less carefully prepared silica fibers are significantly tougher
than other glass compositions. But in all cases, they exhibit intrinsic strengths of several GPa
[51]. It has also been seen that intrinsic strength is also dependent on the temperature as Fig. 1.9
shows. Performing two-point bending experiments at a very low temperature will limit the water
activity. Consequently, the stress corrosion reaction is going to be frozen and the strength of the
glass increases.

FIGURE 1.9: Failure strain of sodium borosilicate and silica glass fibers at room temperature
and in liquid nitrogen from [52].
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1.2 Plasticity in oxide glasses

1.2.1 Brittle to ductile transition: lengthscales

At the macroscopic scale, silicate glasses are generally considered the archetype of brittle materi-
als, which break without plastic deformation. As a consequence, no energy dissipation is expected
to take place during fracture, and the energy release rate should exactly compensate for the cre-
ation of two free surfaces [29], which is not the case (1.1.3.a) for silicate glasses. Indeed, at a
scale of the order of micrometers, it is well-known that silicate glasses do undergo plastic defor-
mation [53, 54, 55]. For example, indentation, which measures the hardness of a material (see
section 1.1.1.a), has revealed evidence of plastic deformation in glasses at a local scale. Fig. 1.10
shows that for lower loads, the glass exhibits a permanent imprint, which reflects an irreversible
deformation, but little or no cracking. By increasing the load and consequently the size of the
print, the indentation generates cracking, especially along the diagonals (radial cracks).

FIGURE 1.10: Vickers indents in a calcio-aluminoborosilicate glass at (a) 50 gf and (b) 200 gf

Other pieces of evidence of plastic deformation in silicate glasses have been published over
the past years. For example, in 1964, Marsh [54] reported plastic scratches on a glass surface
(Fig. 1.11.a). But one of the most spectacular illustrations of the connection between plastic flow
and fracture in silicate glasses was detailed by Puttick et al. [56] in 1989. When a single-point
diamond machines a silica glass surface, in very special conditions, it generates "machine turn-
ings" as shown in Fig. 1.11.b. The twisted shapes of these turnings definitely suggest some plastic
deformation has occurred along with the fracture.

Then, the indentation technique was widely used over the years to study in more detail this
local plasticity. To better understand the indentation cracking of silicate glasses and the role played
by the plastic strain, we need a detailed description of the indentation-induced stress fields and
the deformation mechanisms below the indent. Once plastic deformation under indentation is
described and characterized in section 1.2.3, we will show its correlation with the indentation
cracking in section 1.2.4 to try to understand why some glasses are more crack-resistant than
others.



20 Chapter 1. Structure and mechanical properties of oxide glasses: state of the art

FIGURE 1.11: Plastic scratches produced by trailing a hard point over a glass surface (taken
from [54]), and detail of detachment of spiral ribbons from "Machine turnings" from machined

grooves by a single-point diamond in silica glass (from[56])

1.2.2 First approach to the indentation stress fields - Yoffe model

As described by Hertz [57], when a relatively blunt object like a sphere is used to load glass, the
stresses induced do not reach the yield stress and the glass only undergoes elastic deformation.
In the case of a small sphere’s radius or a sharper indenter, plastic deformation can occur and
the elastic-plastic behavior of the glass becomes apparent [58]. Thus, the glass undergoes perma-
nent deformation such as densification and/or shearing, which will be discussed in the following
sections. This results in a sort of hemispherical zone of compacted and/or shear-flowed material
around the indent [59, 60, 61]. A portion of the work of indentation is used for this plastic de-
formation, while the rest is elastically recovered during the "spring-back" effect after unloading
[58]. The plastically deformed zone prevents some of the elastically deformed material around
it from returning to its original, undeformed state. Roughly speaking, this leaves the plastically
deformed area with residual compressive stresses due to the permanent deformation it has un-
dergone. In contrast, the surrounding elastic zone, now free from the applied load, experiences
residual tensile stresses. These tensions can lead to the formation of cracks, especially near the
boundary with the plastic zone, where the material tries to return to its original shape. Yoffe [62]
proposed an approximate elastic-plastic analysis of the indentation problem for a conical indenter.
This analysis is commonly used to understand crack patterns. The Yoffe equations are given as

σr =

[
P

4πr2

]
[1 − 7 cos θ] +

[
B
r3

] [
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]
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τrθ =

[
P

4πr2

] [
sin θ cos θ

(1 + cos θ)

]
+

[
B
r3

]
[5 sin θ cos θ] (1.15)

τrϕ = τϕθ = 0 (1.16)

The normal and shear stresses are expressed in polar coordinates (r, θ, ϕ). These stresses are
influenced by the normal load P and the so-called "blister field" B, with the values of P and B de-
termining if the stresses are tensile or compressive in the key locations around the indent. Tensile
stresses can drive crack formation. The blister field introduced by Yoffe, which is equivalent to
force doublets along the surface and the vertical axis, represents the strength of the "spring-back"
effect retained by the hemispherical plastic zone [63]. In Yoffe’s model, B is the only material-
dependent parameter. Its value and how it depends upon the glass composition will be discussed
at more length below (see section 1.2.4.a) after we have discussed some specificities of the plastic
deformation of amorphous silicates.

1.2.3 Plastic deformation mechanisms: densification vs shear flow

The plastic deformation in glass under indentation is mostly governed by two mechanisms: shear
flow and densification [64]. Early indentation results have shown [53, 65] that glass can deform
plastically under sharp-contact loading, in a manner apparently similar to more usual ductile
materials like metals, ie by homogeneous shear flow. On the other hand, densification, a process
where the glass atomic network becomes more tightly packed without necessarily breaking bonds,
has been observed in amorphous silicates under high-pressure conditions, as shown by Bridgman
and Simon [66, 67] for example. Ernsberger demonstrated that indentation of amorphous silica
also results in densification [68]. The study of different glass compositions by Peter [69] showed
that both densification and shear flow can occur, with the mode of deformation depending on
the chemical composition of the glass. Thus, this section will deal with the mechanical response
of oxide glasses to indentation by either shear flow or densification, which can be influenced by
experimental conditions and glass compositions.

1.2.3.a Structural changes induced by densification

Densification involves the compaction of the glass structure under applied hydrostatic stress, re-
ducing the overall volume of the material without a corresponding loss of mass. To characterize
the densification independently from the shear deformation, silica glass has to be tested under
hydrostatic pressure. High-pressure techniques were first necessary for geophysical applications
to model pressure and temperature conditions prevailing deep down in the Earth’s interior [70]
and Diamond Anvil Cell (DAC) experiments have finally been developed.

The principle of the DAC experiment is straightforward. A sample placed between the flat
parallel faces of two opposed diamond anvils, surrounded by a metallic seal (see Fig. 1.13.a), and
immersed in a mixture of methanol–ethanol, is subjected to pressure when a force pushes the two
opposed anvils together. A small piece of ruby is introduced to monitor the pressure level using
the shift of the R1 luminescence band.

This technique is usually coupled with advanced spectroscopic techniques to allow indirect
observations of the structural changes associated with densification in silicate glasses. Raman
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spectroscopy, in particular, has been useful in monitoring how the internal structure of silicate
glasses adapts under hydrostatic pressure or indentation. Shifts in Raman peaks corresponding
to the Si-O bond vibrations provide insight into the strain state within the glass and the degree of
structural reorganization.

Densification in amorphous silica has been largely studied in the past, especially by Raman
scattering [71]. Between 200 and 750 cm−1 the Raman spectrum of silica glass consists of three
bands (Fig. 1.12.a) The main band at 440 cm−1 results from the symmetric stretching mode of Si-
O-Si. This intense band is affected by the densification process through the reduction of the inter-
tetrahedral angles Si–O–Si [72] and thus its stiffening leading to a shift toward higher wavenum-
bers. The defect lines D1 and D2, at 492 and 605 cm−1, are respectively attributed to the breathing
modes of the four-membered and three-membered rings [73, 74]. As Fig. 1.12.b shows, the D2

and D1 bands shift in position toward higher wavenumbers with increasing pressure and conse-
quently density. However, the intensity of the D1 band decreases with pressure. These structural
changes are associated with an increase in the number of three-membered rings but a decrease in
the number of four-membered rings which is consistent with a general decrease in the free volume
of the glass.

FIGURE 1.12: (a) Raman spectra for pristine (solid line) and indentation-densified (dash line)
amorphous silica from [75]. (b) Ex situ Raman spectra of the non-densified and gradually
densified silica glasses by DAC from [76]. The spectra are vertically shifted for a better visual-

ization. The x-axis is reversed for graph (a).

Since the shift of the D2 line was described to be independent of the elastic stress, it has been
used to estimate the densification under pressure in DAC following the relation [77]:

∆ωD2

ωD2

≃
(

∆ρ

ρ

)0.14

(1.17)

Fig. 1.13.b shows the final density after unloading as a function of the maximum pressure reached
in the experiment. Pure amorphous silica glass appears to be elastic up to around 10 GPa and
exhibits densification at higher pressure: permanent densification up to the densification at satu-
ration ∆ρsat = 20% can be observed.
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FIGURE 1.13: (a) Schematic of the Diamond Anvill Cell compression. The R1 luminescence
band of ruby is used to infer the initial pressure. (b) Evolution of the residual densification
versus the maximum pressure of the pressure cycle. The dashed line is an indicative sigmoidal

curve corresponding to 18% of maximum densification. (adapted from [77])

Densification is possible due to the open structure of the amorphous silica network, which
typically consists of tetrahedrally coordinated silicon atoms linked by oxygen bridges, with a de-
crease of the average Si-O-Si angle as described previously. Under hydrostatic pressure, these
tetrahedral units are pushed closer together, resulting in tighter packing [78] and decreased free
volume, which is associated with the space between molecules in the glass. During the densifica-
tion process, several key structural changes occur:

• Bond Angle Reduction: From 10 GPa, the angles between bonds in the silica network are
reduced, making the network more compact.

• Coordination Number Increase: From 20 GPa, there is an increase in the coordination num-
ber of silicon, as the network condenses under pressure. This means that each silicon atom
may be coordinated by more oxygen atoms than under normal conditions, leading to a more
interconnected network structure.

This network compaction leads to changes in the physical properties of the glass, such as increased
refractive index [55] and enhanced mechanical properties. For example, Poisson ratio and elastic
moduli increase with densification ratio [79].

Finally, when modifier oxides, like Na2O or CaO, are added to amorphous silica, they cause
depolymerization of the silica network and reduce its large free volume, which affects the glass
deformation mechanisms under stress. For instance, in soda lime silica (window glass), Raman
spectroscopy reveals more complex features compared to pure silica [80] due to the presence of
various silica-oxygen bonding environments (Q2, Q3, Q4 - see section 1.1.2.b). Under pressure, the
abundance of simpler Q2 units increases at the expense of more complex Q3 units, inducing a shift
in the spectra and reflecting depolymerization that facilitates densification [81, 82]. This contrasts
with glasses formed by Al2O3 or B2O3, where the addition results in a structural response more
similar to amorphous silica, emphasizing the stability of the silica network and the redistribution
of ring structures rather than significant depolymerization.
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1.2.3.b Experimental techniques to characterize densification under indentation

A method to study indentation-induced densification under micro-indentation is confocal mi-
croscopy, as with DAC measurements [75]. Interestingly, very different methods have also been
proposed.

Neely and Mackenzie [83] suggested that deformation mechanisms described previously and
induced by densification could be partially reversible through thermal annealing at moderate tem-
peratures. They concluded that silica glass deforms mainly through densification rather than
shear flow, which requires much more energy to recover. The idea to evaluate densification is
to use atomic force microscopic observations coupled with thermal annealing. This method in-
volves capturing topographic images of the indentation site before and after its heat treatment at
0.9×Tg. This procedure makes it possible to quantify the size reduction of the indentation cavity
after annealing. As pointed out in [83], the activation energy associated with the volume recovery
is supposed to be less than the activation energy required for shear flow. Thus, only densified
structures will be recovered by annealing below Tg [84], and the volume displaced by shear flow
should be unaffected by annealing at 0.9× Tg for 2h [85]. Under these conditions, the temperature
is sufficiently low to disregard the impact of viscous flow but the duration is adequate to ensure
full recovery of the densified region. Instead of assessing the full volume recovered [59], a mea-
surement of the Recovery of Indentation Depth (RID) before and after heat treatment has also
been considered to bring a first evaluation of the densification under indentation [86, 87, 88, 89].

FIGURE 1.14: (a) Schematic of the method to measure the recovery of indentation depth (RID)
and (b) example of cross-section profiles in opposite-side direction before and after heat treat-
ment from a 100 gf Vickers indentation on an aluminoborosilicate glass. The thermal annealing

has been performed at 0.9×Tg (°C) for 2h. (adapted from [89])

As Fig. 1.14 shows, the indentation depth before annealing dbe f ore is first measured. Once the
annealing is done, a second measurement da f ter is performed. RID is then defined by the following
equation:

RID =
dbe f ore − da f ter

dbe f ore
(1.18)

The remaining indentation depth should result from plastic flow or residual elastic strain in or
outside the plastic zone. However, the reliability of this experimental technique will be discussed
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and questioned in the section 3.5.1.
On the other hand, an alternative and novel approach to characterize densification under in-

dentation in silica glass is the chemical dissolution technique. This method, as described by Guin
et al. [90], leverages the increased dissolution rate of densified zones compared to non-densified
regions in a controlled chemical environment. Specifically, the technique involves immersing an
indented silica glass sample in a NaOH solution, where the densified material beneath the inden-
tation dissolves at a faster rate than the surrounding non-densified glass. This method provides a
high spatial resolution, capable of detecting nanometer-scale changes in the residual imprint’s ge-
ometry using Atomic Force Microscopy (AFM). By periodically measuring the dissolution depth
of the indent, it is possible to determine the size and homogeneity of the densified zone. The dis-
solution rate of the glass in its pristine state is first established using an indent-free sample. Then,
the evolution of the imprint depth is monitored over time to map the densified region’s boundary.
Finally, the chemical dissolution technique, combined with AFM imaging, provides a robust and
sensitive method for characterizing densification in silica glass.

1.2.3.c Shear flow

In silicate glasses subjected to indentation testing, shear flow emerges as another plastic deforma-
tion mechanism alongside densification. Such shear flow is actually the standard plastic defor-
mation process, which operates at constant density, for example in metals. In glasses, this flow
involves the disruption and reformation of the network, and we can expect that it is influenced
by the presence of network modifiers such as sodium or calcium. These modifiers break the con-
tinuity of the silica network, reducing its overall rigidity and allowing for greater atomic mobility
under stress.

FIGURE 1.15: Types of shear zones (taken from [91])

Although shear flow can be homogeneous, as in many metals or polymers, in glasses it is
often microscopically manifested through the formation of shear bands [1, 92]. These bands are
zones where the glass material has undergone a large shear flow locally. Shear bands manifest
themselves as thin lines or striations that appear around the indent, in the plastic deformation
"hemisphere". They are indicative of the material’s response by localized strain, where the glass
network has yielded and flowed plastically. By increasing the load, these shear bands gener-
ally turn into shear faults but the difference between them is not always clear. In the literature,
it is said that shear bands are localized zones of deformation that may act as precursors to the
formation of shear faults. Shear faults, on the other hand, are fractures or planes of slip where
relative displacement occurs between adjacent surfaces [93]. The difference between shear bands
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and shear faults can be clearly observed in terms of discontinuities where Fig. 1.15.d representing
shear bands without discontinuity and Fig. 1.15.a illustrating shear faults with a discontinuity. In
chapter 3, we will see that distinguishing between the two is not straightforward in the observa-
tions of indentation cross-sections. Therefore, we will uniformly refer to any shear-induced plastic
localization as "Shear bands."

The study and observation of shear bands, especially from indent cross sections [1, 94], provide
valuable insights into the plastic response of the material. Techniques such as scanning electron
microscopy (SEM) are commonly employed to visualize these deformations. SEM images reveal
the detailed structure of shear bands, showing how the glass accommodates shear flow at the
microscopic level. As is obvious from Fig. 1.16, the shear localization pattern under indentation
strongly depends on the glass composition. Soda-lime silicate glass tends to exhibit bigger shear
bands that have turned into shear faults than calcio-aluminoborosilicate glasses with high boron
content which contain very thin and dense shear bands.

However, the formation of shear bands in silicate glasses and their relation to cracking resis-
tance (section 1.2.4.b) are not fully understood yet. Gross et al. highlighted that the density and
characteristics of shear bands are greatly influenced by the glass composition. For example, soda
lime silica glass, which contains a significant number of non-bridging oxygens (NBOs), tends to
develop well-defined shear faults (Fig. 1.16.a)) with substantial spacing between them. This con-
trasts with glasses that have fewer NBOs, like certain calcium aluminoborosilicates, where shear
bands are less pronounced and denser by increasing boron content (Fig. 1.16.b, c, and d). How-
ever, the correlation between non-bridging oxygens and significant shear bands has not yet been
clearly proved.

FIGURE 1.16: cross-section view of Vickers indentations in (a) soda-lime-silica glass and calcio-
aluminoborosilicate glasses with (b) 5%mol of boron, (c) 15%mol of boron, and (d) 25%mol of

boron. (adapted from [94])

The conditions under which indentation testing is conducted also affect the occurrence of shear
flow. Factors such as the speed of indentation or the geometry of the indenter (section 1.2.3.f) play
critical roles. A sharper indenter and faster indentation speeds are more likely to increase the
shear band formation according to [95], as they enhance the shear strain. However, Gross et al.
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[94] mentioned that shear band formation could have an impact on the driving force for crack
initiation, depending on the size or the density of shear localizations, where a plastic deformation
zone containing significant shear faulting damage should initiate larger lateral cracks. In oxide
glasses, shear flow can manifest as localized shear, where deformation is concentrated in specific
regions or zones, leading to significant shear strain that may appear as visible lines or bands where
the material has yielded more than in other areas. However, shear flow can also occur more ho-
mogeneously, where the material deforms uniformly under shear without distinct bands or lines.
This homogeneous deformation is particularly evident during the compression of silica pillars
[96]. Furthermore, it is important to consider the continuum of shear band morphologies, which
can vary in terms of displacement, thickness, and density. In some cases, these shear bands may
be very thin and densely packed, only becoming visible at smaller scales, as shown in Fig. 1.15.d.

1.2.3.d Role of Poisson ratio

The contribution of densification to indentation deformation varies depending on the chemical
composition of the glass. In particular, an interesting observation is a correlation between the
Poisson ratio ν and densification ability obtained either from the volume recovery ratio (VR) mea-
surement [59] or from the maximum density change measured by Raman spectroscopy [97].

FIGURE 1.17: (a) Maximum density change and (b) volume recovery ratio as a function of
Poisson ratio for several glass compositions. The solid line on the left is a fit expressed in [97]

and the dashed line on the right is a guide for eyes [59].

Fig. 1.17 shows that the higher ν, the smaller the densification. Indeed, Poisson ratio is pro-
posed to be strongly dependent on the glass atomic network organization. For instance, after ther-
mal annealing, amorphous silica recovers more than 90% of its deformed volume under indenta-
tion (Fig. 1.17.b) since its rather open structure (low packing density Cg or Vt, cf section 1.1.1.b)
leads to a strong resistance toward contraction in the transverse direction. Accordingly, silica glass
exhibits a low Poisson ratio. On the other hand, higher values of ν, which are known to be linked
to higher atomic packing densities [98], lead to increased resistance to volume shrinkage. When
modifiers are added to the glass network, such as in soda lime silica glass where VR is about
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60% against 90% for amorphous silica, the network connectivity degree decreases, and the atomic
packing density increases. Densification is lower and ν higher (Fig 1.17.a).

1.2.3.e Role of the glass composition

As already mentioned in the previous sections, the chemical composition plays an important role
in determining the mechanism acting on plastic deformation. Both glass formers and modifiers
can generate different mechanical properties and lead to different plastic mechanisms. The first
part of this section will deal with the effect on densification and shear flow of the substitution of a
glass former by another. The second part will deal with the impact of network modifiers.

First, the substitution of silica by boron particularly influences the densification. Kato et al. [88]
investigated the compositional dependence of deformation mechanisms in borosilicate glasses, fo-
cusing particularly on how these compositions influence densification during indentation. They
discovered that the recovery of indentation depth (RID), is highly sensitive to variations in com-
position. Several studies have also shown that boron coordination tends to increase from trigo-
nal to tetrahedral in glass composition with a significant amount of modifiers (and therefore of
NBOs) when pressure increases with an increasing density [99, 100, 101]. Moreover, when the
field strength of the modifier cation is relatively large, structural changes with pressure can be as
large in low NBO glasses as in NBO-rich compositions since the formation of NBO is promoted
by higher field strength [99, 102]. Thus, this densification-induced structural change should oc-
cur during indentation. Finally, when silica is fully replaced by boron, a borate glass, such as
sodium borate glasses, is obtained. These compositions have also been investigated by Raman
spectroscopy and it has been shown that the densification mechanism differs markedly from sil-
icate glasses [103]. Raman studies show changes in the intensity and width of bands associated
with boroxol and BO4-containing rings, suggesting a transformation of borate structures under
pressure. These structural changes indicate a shift towards higher coordination of boron, high-
lighting a fundamental difference in how borate and silicate glasses respond to mechanical stress.

Concerning the impact of modifiers, the accepted picture is that glasses with high concentra-
tions of network-modifying oxides tend to deform through shear flow, whereas those with lower
concentrations primarily deform through densification. More particularly, the excess modifiers
create non-bridging oxygens (NBOs) and form weaker, less directional, ionic bonds within the
glass network, which have been proposed as initiation sites for shear deformation [69, 1, 68]. Ad-
ditionally, the modified random network model suggests that these NBO-forming modifiers align
along percolation channels [104], and this alignment of weaker bonds along these channels facil-
itates the formation of shear faults. For instance, some investigation into xNa2O·(100-x)·B2O3

glasses showed that at high modifiers concentrations, the formation of non-bridging oxygens
(NBOs) enables more pronounced shear, and lowers the volume recovery ratio VR [103]. It means
a more depolymerized glass will tend to deform through shear flow at a lower stress. This has
been further supported by quantitative analyses and molecular dynamic simulations [105].
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Additionally, depending on the glass composition and glass formers, the mixed modifier effect
may occur when several modifiers are included in the structure. It refers to the nonlinear varia-
tions of glass properties when mixing different types of modifier ions [106, 107]. The effect plays
an important role since it can be applied to design glasses with controlled properties. The im-
pact of this effect on deformation mechanisms in aluminosilicate glasses was also investigated by
Kjeldsen et al. [108, 109], showing that around the composition with an equal molar concentration
between the two modifiers, densification is minimum. Moreover, the amount of shear flow varies
significantly depending on the relative ratio of modifiers.

On the other hand, the formation of shear bands is significantly impacted when the glass net-
work is fully connected, meaning it contains no non-bridging oxygens (NBOs). This increased
connectivity gives the glass greater resistance to shear deformation because there are no weak
bonds or fragile areas where deformation could easily concentrate. In such a connected network,
shear is less likely to localize into distinct regions, reducing the formation of well-defined shear
bands. Instead, the glass may exhibit more homogeneous deformation or shear distributed over a
larger area, without the development of significant shear faults [94].

All these findings underscore the complex interplay between glass composition, structural
organization, and mechanical properties, illustrating that predicting the mechanical behavior of
glass based on composition requires a nuanced understanding of its structural chemistry.

1.2.3.f Role of the indenter geometry

During indentation tests, the indent geometry, particularly the shape and sharpness of the tip,
plays a crucial role in determining how the glass will deform under applied pressure, influencing
the stress distribution beneath. For instance, it will be reflected in the blister field B introduced by
Yoffe [62] (sec. 1.2.2).

When using a sharp indenter, such as a Vickers or a cube corner, the stress distribution pro-
motes shear flow as the primary deformation mechanism [69]. Indeed, Lee et al. [110] explained
that the characteristic indentation strain is proportional to tan−1(β), where β represents the half-
included angle. In the stress-strain curve, a larger strain value indicates a deeper excursion into
the plastic regime. Conversely, using a blunter indenter, like a spherical tip, for example, results
in low characteristic strain but tends to increase pressure, favoring densification rather than shear
flow [111]. Different indenter geometries don’t affect only the predominant deformation mode but
also affect other related properties such as crack initiation and propagation. For instance, sharper
indenters, while promoting shear flow, may also lead to more pronounced and immediate crack-
ing patterns. Furthermore, since indenters such as Vickers or conical indenters are self-similar, the
size of the shear deformation zone only depends on the applied load. On the other hand, blunter
indenters might lead to fewer and less severe cracks due to the more distributed stress, which
allows the glass to densify and absorb some of the impact energy more effectively.

The geometry of the indenter is eventually a critical factor in assessing the mechanical response
of glass during indentation tests, influencing whether shear flow or densification will dominate
as the primary deformation mechanism and it will play a significant role in the cracking process.
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1.2.4 Indentation cracking

1.2.4.a Cracking morphology

Depending on the glass composition and the indenter geometry, different indentation cracking
patterns can be found in oxide glasses. Most of them are shown in Fig. 1.18. Arora et al. [112]
observed that the cracking pattern of one given glass composition is directly related to its normal
or anomalous behavior. For instance, amorphous silica, which is known as an anomalous glass,
mostly displays ring cracks and cone cracks (Fig. 1.18.e) under a sharp Vickers indenter [113]. In
contrast, window glass (soda-lime silicate glass) exhibits radial/median cracks from the corners
and lateral cracks below the plastic deformation zone of the indentation [114].

FIGURE 1.18: Schematic sections of crack morphologies from indentations: (a) radial crack, (b)
median cracks, (c) half-penny cracks, (d) lateral crack, (e) cone crack and associated ring crack

(taken from [115] and adapted from [116]).

The normal or anomalous feature of glass and its impact on crack morphologies is also iden-
tified by looking at the Vickers indentation cross-section of a soda-lime silicate glass or an amor-
phous silica glass (Fig. 1.19). It appears that the subsurface damage in normal glass is more
likely to be linked to shear flow, resulting in radial or median cracks. Conversely, anomalous
glasses tend to deform more homogeneously, through densification, and generate ring or cone
cracks [112, 117].

The moment when a crack initiates in glass upon indentation is also different depending on the
normal or anomalous feature. Cook and Pharr [116] recorded and marked on load-displacement
curves cracks nucleating upon indentation (Fig. 1.20) and they noticed that radial/median cracks
in normal glasses tend to initiate upon unloading. In contrast, ring/cone cracks, in anomalous
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FIGURE 1.19: Cross sectional view of 1 kgf Vickers indentation in (a) soda lime silicate and (b)
silica (adapted from [117]).

glasses, nucleate upon loading. However, during unloading in silica, additional radial and lateral
cracks appear afterward.

The accepted picture follows Yoffe [62] (sec. 1.2.2) who explains that the cracking pattern dur-
ing the indentation of brittle materials is significantly influenced by the value of the blister field
B (see section 1.2.2) which is proportional to the extra volume maintained within the deformed
zone. This volume is reduced by densification or by using a larger indenter angle. When B is
small, typical for highly densifying materials, such as amorphous silica glass, or those indented by
large-angle indenters (or equivalent, such as a spherical indenter for example), the highest tensile
stress occurs at the surface, leading to ring and cone cracks near the contact edge. As B increases,
due to less densification or a more pointed indenter, the axial tensile stress becomes dominant,
shifting the crack formation to median cracks beneath the surface. For even higher B values, the
axial stress decreases, but circumferential surface stress increases, causing radial cracks. After un-
loading, these stresses can cause lateral cracks beneath the indentation and upward propagation
of median or radial cracks.

FIGURE 1.20: Load-displacement curves for Vickers indentation of (a) soda-lime silicate glass
and (b) fused silica. Markers represent cracks nucleation (adapted from [116]).
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In a refinement of this approach, Sellapan et al. [118] proposed a way to evaluate the strength
of the blister field in the context of Vickers indentation. They define B as

B =
3E

4π(1 + ν)(1 − 2ν)
(1 − VR − VP)V−

i (1.19)

where E is Young’s modulus, ν is the Poisson ratio, VR is the volume recovery ratio from sub-
Tg annealing (sec. 1.2.3.b), VP is the proportion of material pile-up, and V−

i is the volume of the
indentation cavity. Measurements of VR, VP, and V−

i are detailed in [59]. For example, we have
seen (Fig. 1.17.b) that the volume recovery for silica is about 90%, which means that the term (1 −
VR −VP) governing the blister field strength is low and induces a small B, leading to conical or ring
crack patterns as described previously. However, this model, which is obviously approximate, has
been developed for Vickers indentation. Thus, one drawback of this Blister field approach is the
lack of a method to quantitatively assess its strength for other indenter geometries.

1.2.4.b Crack resistance

Indentation has been largely used to assess the ability of glass to resist cracking. Wada et al. pro-
posed a method to measure the crack resistance of glasses that display radial cracks from Vickers
indentation [119]. Several Vickers indentations are performed at increasing load and the number
of radial cracks emanating from the corners of the residual imprints are counted. Then, the proba-
bility of crack initiation (PCI) is defined as the ratio between the number of corners where a crack
was formed and the total number of corners (4 for a Vickers indentation). The crack resistance is
defined as the load corresponding to 50% of PCI (Fig. 1.21.a).

FIGURE 1.21: (a) Schematic of the measurement of crack resistance and (b) Relationship be-
tween CR and the recovery of indentation depth (RID) for several compositions presented in

Table 1.3 (taken from [87])

Important CR results were obtained by Kato et al. [87] who investigated several series of glass
compositions, shown in Table 1.3. They found that crack resistance varies over nearly 2 decades,
although, as we mentioned at the beginning of section 1.2.1 all glasses otherwise display more
or less the same standard mechanical properties including eg Young’s modulus, hardness, and
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fracture toughness. To understand this puzzling observation, more arcane variables have been in-
voked. Notably, following the idea that densification reduces the blister field, and hence cracking,
attention has been caught by densification, and its correlation with Poisson’s ratio. Since it is ex-
pected RID somehow reflects densification, a correlation has been looked for, and found, between
RID and CR (Fig. 1.21.b). However, this correlation does not hold for every system [88, 64]. Other
parameters must be interrogated. For example, a relation between crack resistance and shear flow
has not been investigated yet.

TABLE 1.3: Glass compositions studied by Kato et al. [87] and their properties.

Name General composition ρ Tg KIc E K
(mol%) (g/cm3) (°C) (MPa·m1/2) (GPa) (GPa)

A 70SiO2 - 20B2O3 - 5K2O 2.28 500 0.73 64 40
B 75SiO2 - 10B2O3 - 5Na2O 2.36 570 0.76 71 37
C 70SiO2 - 10Al2O3 - 10B2O3 2.48 710 0.79 70 40
D 70SiO2 - 10Na2O - 10CaO 2.49 540 0.75 72 47
E 70SiO2 - 10Na2O - 5SrO 2.76 520 0.71 68 40
F 70SiO2 - 5SrO - 5K2O 2.81 630 0.73 77 43
G 60SiO2 - 25PbO - 5B2O3 4.44 470 0.66 63 44
H 70SiO2 - 15Al2O3 - 10Li2O 2.43 710 0.84 81 39

Despite its apparent simplicity, CR is a difficult measurement. For example, we can notice
that CR can not be defined for an anomalous glass, like silica, which mainly exhibits cone cracks
and generally no radial cracks, at least under Vickers indentation. However, a first approxima-
tion of the crack resistance of silica can be made if the indentation is performed under an inert
environment (Fig. 1.22) to avoid stress corrosion, detailed in section 1.1.3.a).

Indeed, Gross et al. [92] have shown that silica exhibits residual Vickers imprints of 1kgf load
without cracking under dry N2 atmosphere, which means its crack resistance should be at least 1
kgf ≈ 10N in the conditions used during this test. This result shows that the stress corrosion (sec-
tion 1.1.3.a) plays a role in the measurement of the crack resistance, especially for pure amorphous
silica. To compare anomalous glasses with normal glasses, experiments under an inert environ-
ment should be performed and the radial cracks should be counted under the same atmosphere
as during the indentation. It is important to keep in mind that the crack resistance measurement
reflects both experimental conditions and the glass characteristics. It is therefore difficult to com-
pare the crack resistance values obtained from different studies since the experimental conditions
(loading rate, relative humidity, temperature, etc...) and the time elapsed before counting the
radial cracks are not necessarily the same [120].

1.2.5 Constitutive relations and other numerical models developed for oxide glasses

Januchta and Smedskjaer [64] point to difficulties with the use of Yoffe’s stress field calculations
[62]. The strength of the approach is that it is analytical, but it lacks parameters that quantify the
material’s resistance to crack propagation (sec. 1.1.3). As a result, although these calculations can
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FIGURE 1.22: 1 kgf load Vickers indentation under (a) dry nitrogen atmosphere and kept in
the same environment, (b) dry nitrogen atmosphere and then moved into air atmosphere, and

(c) air atmosphere (taken from [92]).

predict characteristic cracking patterns, they have limited composition- or property-dependent
predictive power. In addition, Yoffe’s model is only an approximation and its accuracy has not
been assessed. To address these limitations, some works have developed more quantitative mod-
els with continuum scale descriptions aimed at predicted indentation stress fields using finite
element simulations.

In parallel, molecular dynamics enable a more detailed description of material mechanics by
considering atomic-scale deformation mechanisms. These models offer better insights into energy
dissipation and crack resistance by accounting for intrinsic material properties, such as chemical
composition and bond strength, which significantly influence resistance to indentation-induced
fractures. Interestingly, they can be used to work out constitutive relations for the continuum
scale calculations.

1.2.5.a Constitutive relations

Faced with this unconventional plastic deformation, the issue of measuring it correctly, and the
need for stress fields to understand fracture generation and propagation in glasses, alternative
strategies were developed. One solution is to use numerical calculations as a more elaborate
tool than Yoffe’s equation, which encapsulates all the plastic effects in the single parameter B,
to establish the stress field. To run these simulations, it is important to identify an appropriate
constitutive law to account for the material response to mechanical tests, such as indentation, and
get as close as possible to the deformation mechanisms in silicate glasses. Yield criteria such as Von
Mises criterion, Mohr-Coulomb criterion, or Drucker-Prager criterion have been largely employed
to describe indentation deformation in multiple studies such as in porous material by Shima and
Oyane [121] or such as frictional materials by Khan et al.[122]. One relevant constitutive model
has been developed by Kermouche et al. [123], drawing inspiration from the models previously
described [124], and has been tested over the last decade. This model assumes linear isotropic
elasticity characterized by Young’s modulus and Poisson’s ratio. Plastic strain is initiated by an
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elliptical criterion dependent on hydrostatic pressure and shear stress. This criterion involves the
flow stress τc (or uniaxial Mises stress), which triggers plastic shear flow, and the volumetric yield
stress or yield pressure pc, marking the onset of densification under hydrostatic compression.
Thus, the proposed yield criterion is:

f (σij) =

(
τ

τc

)2

+

(
p
pc

)2

− 1 (1.20)

As Fig. 1.23.a shows, following the DAC data (Fig.1.13 b), pc increases with density until reach-
ing a saturation point, without any hardening or softening for the shear flow with a constant
τc. The partition of plastic strain between densification and shear flow depends on the loading
state through the orientation of the normal to the yield surface (associated plasticity). The key
parameters in this model are Young’s modulus, the flow stress, and the yield pressure and its rela-
tionship to material density. Finally, regarding negative pressure, a simple Von Mises criterion is
assumed. This model has been experimentally validated for pure amorphous silica [96] with var-
ious micromechanics experiments including micropillar compression. The same model has also
been applied to other glass compositions, but there is less experimental validation available and
we assume it only gives a first approximation of the mechanical response.

FIGURE 1.23: (a) Elliptic yield criterion for the plastic response of silicate glasses (The dashed
straight line represents uniaxial compression)[123, 125] and (b) elliptic yield criterion extended
with Drucker-Prager function with different set of possible experiments reported on it [126].

A few years later, Molnár et al. [126] proposed an evolution of the yield surface of the Ker-
mouche’s model. Instead of assuming a Von Mises criterion for the tensile side (negative pres-
sure), the yield surface is modeled by an extended Drucker–Prager model (Fig. 1.23.b). A strong
limitation in practice is that there are no real tensile testing results available. But, once again, this
model is specifically developed for pure amorphous silica. However, we expect it could be easily
extended to other compositions in the future. The main issue with other glass compositions is the
calibration (on ad hoc experiments) and their validations (on other experiments) for those other
compositions, which will require extensive experimental work.
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1.2.5.b Finite Element Analysis (FEA) to understand indentation of glasses

Once a constitutive model has been defined, it can be implemented in finite element software (such
as ABAQUS®). For instance, calculations have been performed using an axisymmetric simulation
to model cone indentation with Kermouche’s model, and the densification map resulting from
this analysis is plotted in Fig. 1.24 next to the experimental data from [75], derived from Raman
mappings of the D2 band position (sec. 1.2.3.a) and presented as a densification map (Fig. 1.24).

FIGURE 1.24: (Left) Raman densification map of Vickers indentation in pure amorphous silica
(from [75]). (Right) Densification map from FEA simulation (adapted from [123]).

This figure displays a good agreement between experiments and simulations. Thus, the indentation-
induced densification process of silica was considered to be successfully reproduced by the consti-
tutive model. However, more recent experimental works, using techniques such as chemical dis-
solution [90, 127] (see section 1.2.3.b) or Brillouin spectroscopy [128] to probe the densified region
underneath an indentation imprint in silica glass, have shown that the maximum densification
(Brillouin method) or the densification ratio along the depth of the indent (chemical dissolution
technique), seem to differ from the results shown in Fig. 1.24, with a much sharper gradient. These
results can be used to provide a new set of data for improving the previous numerical models or
developing new ones to simulate glass indentation.

On the other hand, FEA simulation can also be a good method to verify whether analytical
models, such as the Yoffe model [62] (see section 1.2.2), are consistent with experimental evidence.
Indeed, Davis et al. [129] used FEA simulation with both Kermouche’s [123] and Molnar’s models
[126] to compare the stress fields generated by FEA with the analytical solutions from Yoffe [62].
They found that Yoffe’s model is not completely suitable for calculating crack driving stresses at
the elastic-plastic boundary in silicate glass sharp indentation. It is actually not possible to use
a single tunable parameter (blister field coefficient B) to account for the FEA predictions. Since
the constitutive models have shown their reliability against many micro-mechanics experiments
(nanoindentation, DAC, and pillar compression - and of course the predicted stress distributions
align closely with the crack patterns appearing under indentation), they can also be used to eval-
uate the impact of more clearly defined parameters (densification threshold, densification satura-
tion, shear flow stress, Young’s modulus) on indentation-induced stress fields. As we described
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in previous sections, densification has been largely proposed to play a significant role in inden-
tation response. However, Barthel et al. [125] have shown, based on Kermouche’s constitutive
relation, that the contribution of the latter has been overrated. They calculated stress fields and
modified both densification and shear flow stress (Fig. 1.25) and they demonstrated that changing
densification at saturation doesn’t impact noticeably the overall stress level. In contrast, when the
flow stress is lower, the general stress level decreases significantly, as required by the notion of
hardness (section 1.1.1.a).

FIGURE 1.25: Maximum principal stress distribution for a Vickers equivalent cone indentation
under load with two conditions of flow stress τc and densification at saturation ∆ρsat (taken

from [125]).

Based on these results, it was concluded that flow stress is the determining parameter for in-
dentation response and crack driving stresses. By the way, it seems this idea had already been
mentioned by Marsh fifty years ago [54] but has largely been discounted in the glass mechanics
community. Finally, if the shear flow is the main factor, the material damage resulting from plastic
shear flow, and especially instabilities like shear localizations, might play a role in crack initiation
[1]. However, these shear localizations have not been investigated yet with the FEA method since
they are difficult to implement. Indeed, there is currently no FEA model able to account for lo-
calized shear flow. Therefore, to deepen this idea, calculations of mechanical tests that we do not
know how to perform experimentally have to be carried out with another method that can model
local instabilities: Molecular Dynamics simulations.

1.2.5.c Molecular dynamics simulations

Molecular dynamics (MD) simulations provide a method to investigate material behaviors at an
atomic level, predicting properties based on their composition and structure. In this approach,
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atoms are modeled as point masses interacting through complex nonlinear forces, which mimic
atomic bonds. The evolution of the system is governed by classical dynamics principles (New-
ton’s laws), with added controls for temperature or pressure via thermostats or barostats. Due
to computational limitations, especially the number of operations executable within a given time,
these simulations typically cover only a few nanoseconds for a million atoms, representing a sub-
micrometer sample size.

To probe mechanical responses, simple deformations are imposed on the sample, enabling
analysis of stress and displacement from macro to atomic scales. This method is particularly in-
teresting for amorphous materials since they do not have long-range order or rather intermedi-
ate lengthscales (eg dislocation in metals). In that way, representative results on the mechanical
response of the material can be obtained by only investigating sub-micrometer samples. For in-
stance, Mantisi et al. [130] have performed loading-unloading simulations on an amorphous sam-
ple of a few micrometers with increasing pressure. They plotted the results in a Von Mises vs
hydrostatic pressure (Fig. 1.26) and they obtained a parabolic yield surface, which can be fitted
with a simple buckling model proposed by Lambropoulos et al. [124], and also compared to the
elliptical model proposed by Kermouche et al. [123] (sec. 1.2.5.a). It differs from Kermouche’s
model in the vicinity of pure shear loading with much higher flow stress exceeding the 7.5 GPa
threshold for silica, experimentally validated [131], and a finite slope. However, the two models
agree on the general shape of the yield surface and the yield pressure around 10 GPa.

FIGURE 1.26: Distribution of residual volumetric strain (densification) and residual shear
strain as a function of hydrostatic pressure and Von Mises stress. This map delineates a yield

surface with strain hardening due to densification [130].

Moreover, compared to finite element simulations, this method also identifies local structural
rearrangements, offering direct insight into the deformation processes at the atomic level which
we will cover in more detail in Chapter 2. For example, in the same paper, Mantisi et al. [130]
have shown the effect of pressure on the nature of the plastic rearrangements in the structure
(Fig. 1.27). Under low or zero pressure, large plastic events occur whereas they become smaller
and less heterogeneously distributed when pressure increases, allowing for a much more homo-
geneous deformation. The pressure effect on local deformation has also been investigated with
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MD simulations by Molnar et al. [132] in soda silicate glasses and by Lee et al. [133] in borosilicate
glasses with about 10% of cation modifiers. They found that ion modifiers have higher mobility in
the structure during plastic deformation than glass formers and should play a significant role in
local plastic rearrangements (see sec. 1.2.3.e). Moreover, they observed a shear-induced densifica-
tion in all their compositions. However, at higher pressures, the difference between a composition
with low and high network modifiers content vanishes. Eventually, the plasticity is accompanied
by more homogeneous atom rearrangements. In conclusion, Molecular Dynamics should signif-
icantly help to compare with experimental results where both densification and shear flow can
occur depending on the mechanical test performed. Nonetheless, results are strongly influenced
by the numerical parameters of the material model, and an accurate representation of different
types of silicate glasses remains challenging to this day.

FIGURE 1.27: Maps of typical non-affine displacement fields taken at 7.5% shear strain for
hydrostatic pressures equal to (a) 0 GPa, (b) 5 GPa, and (c) 10 GPa with N = 24.000 particles

(taken from [130]).

Short summary of the chapter

• Two mechanisms concomitantly govern the plastic deformation under indentation in
silicate glasses: densification and shear flow. Their mutual contributions have been
measured and discussed for a long time but the question is still open.

• Constitutive relations developed in recent years provide predictions at the continuum
length-scale but they still have to be improved and calibrated. Both experiments and
numerical calculations can be useful.

• The atomic-scale mechanisms that rule the plasticity of silicate glasses are still elu-
sive. We will provide new insight based on quasi-static dynamic measurements which
bring an original viewpoint in chapter 2.

• The relationship between densification and resistance to crack initiation has often
been mentioned and measured, but it is still open to questions. In particular, recent
FEA modeling has claimed that indentation cracking is preferentially directed by the
shear flow instead of densification.

• The correlation between shear flow and crack resistance has not yet been investigated
in depth. A first correlation will be brought in chapter 3.
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Conclusion

This chapter has highlighted the intricate interplay between plasticity and fracture in oxide
glasses.

At the macroscopic scale, this chapter has emphasized the role that plastic deformation plays
in controlling the stress fields that drive crack formation. The plastically deformed zone governs
the stress distribution around indentations and, consequently, the initiation and propagation of
cracks. The composition of glass and the geometry of the indenter significantly affect how plas-
tic flow occurs, with different compositions showing varying tendencies towards densification or
shear flow. While correlations with Poisson’s ratio and the Recovery of Indentation Depth RID
have provided some understanding of the role of densification, they remain far from comprehen-
sive.

At the atomic scale, the significant difference between fracture energy and surface energy
serves as evidence of plastic deformation in oxide glasses. The excess energy is dissipated through
plastic processes such as shear flow, confirming that these materials, though traditionally consid-
ered brittle, do undergo plastic deformation even at this very local scale level. Moreover, the de-
tailed mechanics of shear band formation, which play a crucial role in the shear flow of glasses, has
often been neglected in existing models. A more profound understanding of these shear bands is
essential, particularly to better understand their relation to the overall crack resistance of glasses.
Advanced simulation techniques, such as finite element modeling and molecular dynamics, hold
promise for better capturing these localized shear phenomena, potentially offering a more com-
plete picture of how glass densification and shear localization interact under stress. Moving for-
ward, these simulation methods could prove very useful for modeling shear localizations such
as shear bands, while simultaneously dealing with glass densification, and enable a deeper and
more comprehensive understanding of plasticity. oxide glasses.

However advanced models can be developed only with reference to reliable experimental
data. It is to this task that this research work contributes. In a first part (ch. 2), we report original
room temperature viscoplasticity measurements on three different silicate glasses. Through the
contrasted dynamics, we try to better understand the plasticity mechanisms and how they de-
pend upon the silicate glass structure. In a second part, we provide an in-depth investigation of
indentation cracking in an extensive family of borosilicate glasses. We show that the complex de-
formation patterns observed correlate with indentation cracking and can be accounted for mainly
by shear flow.
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Introduction

Silicate glasses are traditionally considered brittle, as evidenced by everyday observations.
However, at small scales, these materials exhibit ductile behavior [54]. Progress in understanding
this ductility through plastic deformation is crucial for reducing the fragility of silicate glasses.
The methodological challenge lies in investigating the plastic deformation of silicates at the small
scales where ductility is observed. Typically, the brittle-to-ductile transition occurs at the micron
scale for amorphous silicates, as explained in section 1.2.1. Early experiments identified phe-
nomenological aspects of irreversible deformation, such as densification and shear flow during
sharp indentation, but could not quantify the constitutive relation of the material. Indeed, the
main issue with instrumented indentation is that the stress-strain field underneath the indenter
is highly complex and depends on the specific indenter tip geometry. For example, the simple
uniaxial stress-strain response cannot be predicted from indentation. Experiments with simpler
and more controlled loading conditions are required to investigate the yield properties accurately.

Recent advances in the study of plastic response in metals at small scales offer valuable in-
sights: micropillar compression experiments have been proposed as an approximation to uniaxial
loading. For amorphous silica, recent micro-compression works have been carried out by Lacroix
et al. [131] on pillars to investigate precisely the plastic flow of the materials under uniaxial condi-
tions and measure the yield stress. They compared their experimental results with Kermouche’s
constitutive relation [123] from FEM simulation and found a good agreement.

Traditionally, temperature and strain rate are two key parameters impacting plasticity. How-
ever, results on silicate glasses are scarce, because it is generally thought that the effects are weak.
Very recently, Widmer et al. [134] investigated the impact of the temperature and strain rate on
the strength and plasticity of fused silica micropillars. They found that the mechanical behavior
shows a non-linear temperature dependence of yield stress and strain rate sensitivities. At 600°C,
a significant decrease in yield stress and an increase in strain rate sensitivity were observed.

FIGURE 2.1: (a) yield stress as a function of the current density for different acceleration volt-
age and (b) coefficient of strain rate sensitivity m upon electron irradiation (taken from [135]).

Recently, significant electron irradiation effects have been evidenced in the microplasticity of
silicate glasses [136, 137, 138]. For example, Bruns et al. [135] performed micro-compression exper-
iments on amorphous silica but instead of increasing the temperature, they changed the electron
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flux that the pillar undergoes in the scanning electron microscope chamber at room temperature.
As Fig. 2.1.a shows, electron irradiation decreases the yield stress by roughly 6 GPa in the case of
20 kV. These results are consistent with previous literature [137]. In addition, they investigated the
strain rate sensitivity as a function of the current density. They find a remarkable curve (Fig. 2.1.b)
but do not provide any physical ground for this evolution.

Based on this paper, we will see how we can further explain what happens during microcom-
pression under electron irradiation. Thus, in this chapter, we will delve into the effects of irradia-
tion on the plasticity of silicate glasses through in-situ micromechanical tests. We will explore the
mechanical behavior of the micropillars under varying conditions of irradiation and strain rates.
We will discuss the residual geometries of the compressed micropillars with and without electron
irradiation, highlighting the effects of irradiation on their structural integrity. As Widmer et al.
[134] and Bruns et al. [135] did, we will perform these tests on pure amorphous silica but also on
a soda-lime silicate glass and an aluminoborosilicate glass to evaluate the effect of irradiation on
normal glasses, which has not been investigated yet.

Following this, we will investigate the influence of electron irradiation on the dynamics of
the plastic deformation of the glasses. This includes a series of tests conducted under different
irradiation conditions to observe stress relaxation over time.

Finally, we will try to provide a physical description of the phenomena observed and explain
in more detail the remarkable curve from Bruns et al. (Fig. 2.1.b). We will discuss the activation
model for glass plasticity, which could explain the mechanism during plastic deformation in amor-
phous materials. The impact of irradiation on these deformation mechanisms is also discussed,
particularly how it alters the activation energy and facilitates plastic flow in both anomalous and
normal glasses.
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2.1 Material and methods

Micropillars manufacturing
Glass compositions

Three kinds of glasses produced by Nippon Electric Glass Co.,Ltd were used in this study. Two
are commercial glasses: an aluminoborosilicate glass and a soda-lime silicate glass, and the last
one is pure amorphous silica. The general compositions of the three glasses are shown in Table
2.1. Some of their basic properties are also displayed in the table.

TABLE 2.1: Glass general compositions and their properties, density (ρ), glass transition tem-
perature (Tg), fracture toughness (KIC), Young’s modulus (E), and bulk modulus (K) (adapted

from [89]).

Name General composition ρ Tg KIC E K
(mol%) (g/cm3) (°C) (MPa · m1/2) (GPa) (GPa)

SiO2 99.9SiO2 2.22 1210 0.7 72 38
ABS 70SiO2 - 10Al2O3 - 10B2O3 - 10 others 2.48 710 0.79 70 40
SLS 70SiO2 - 10Na2O - 10CaO - 10 others 2.49 540 0.75 72 47

Mole fractions of minor components in glass composition are omitted.
Experimental method and uncertainties are as follows: Density ρ (±0.01g/cm3) was measured by
Archimedes method. Glass transition temperature Tg (±2°C) was determined by using a dilatome-
ter. Fracture toughness (±0.05MPa · m1/2) was measured by the SEPB method. Young’s modulus
E (±1GPa) and shear modulus G (±1GPa), were determined by resonance method. Bulk modulus
K (±1GPa) was calculated by using the values of E and G.

Reactive Ion Etching (RIE)

Glass plates of 30 mm x 30 mm x 1.0 mm were prepared which were used as substrate for
pillar fabrication. The fabrication was carried out by Gustavo Rosales-Sosa and Yoshinari Kato,
from Nippon Electric Glass Co.,Ltd, either at the National Institute of Advanced Industrial Science
and Technology (AIST) at Kyoto University for silica or at Kyoto University Nanohub for ABS and
SLS glass. The pure silica, soda-lime-silicate, and aluminoborosilicate glass pillars were fabricated
by the deposition of a patterned metal film followed by reactive ion etching (RIE) process. Details
of the process are different for silica and for the other glasses.

Silica pillar case: A photo-resist layer and a lift-off resist (LOR) layer were formed on the surface
by spin-coating processes. The photo-resist layer was exposed to a pattern of intense light with
a maskless lithography system and a Ni metal layer was deposited on the patterned photo-resist
layer surface with an electron beam evaporation system. The LOR layer with Ni layer was re-
moved with a pressure jet lift-off system, to leave an array of circular dots of Ni layer on the plate
surface as a mask of the following RIE process. The glass surface was etched using CHF3 gas by
using a multiple ICP plasma etching system (RIE-101iPHS-L, SUMCO, Japan). After resolving the



2.1. Material and methods 45

remaining Ni layer, an array of straight silica pillars with 5 µm in diameter and 4 µm in height
was obtained. An example of a silica glass pillar is shown in Fig. 2.2 below:

FIGURE 2.2: Scanning Electron Microscopy (SEM) images of RIE processed SiO2 micropillars.
The dashed yellow lines represent the diameter D and height h.

ABS and SLS cases: After cleaning the sample surface, a Cr layer was deposited on a sample sur-
face with an electron beam evaporation system. A photo-resist layer was coated by a spin-coating
process, exposed to a pattern of intense light with a UV exposure system with a photomask, and
then developed. Then the sample was etched with a Cr etcher solution to leave an array of circu-
lar dots of Cr/photo-resist layer on the plate surface as a mask of the following RIE process. The
glass surface was etched using a mixture gas of Ar/O2/CHF3/C4F8 by using a dry etching sys-
tem (NLD-5700, ULVAC, Japan). After removing the remaining Cr/photo-resist layers, an array
of conical glass pillars was obtained. ABS glass pillars have a top diameter of 4.4 µm, a bottom
diameter of 7.4 µm, and a height of 4.20 µm. SLS glass pillars have a top diameter of 5.4 µm, a
bottom diameter of 9.0 µm, and a height of 3.8 µm. Their geometries are presented respectively in
Fig. 2.3.a and Fig. 2.4.a.

The description of those two processes has been provided by Yoshinari Kato from Nippon
Electric Glass Co.,Ltd.

Focused Ion Beam (FIB)

As Fig. 2.3.a and Fig. 2.4.a show, ABS glass pillars, and SLS glass pillars have a conical shape
after manufacturing from RIE. We assume that ionized oxides in the structure, such as Na+ or
Ca2+ would limit the efficiency of the RIE process. Preliminary experiments have shown that the
data for conical pillars is very difficult to analyze. To make straight pillars, the conical pillars have
been trimmed by Focused Ion Beam (FIB) milling. The device was a FIB/SEM Thermo Scientific
Helios NanoLab DualBeam 600i. The machining was annular from outside to inside with two
beam conditions:

• 30 kV and 790 pA for shaping the pillar.

• 30 kV and 230 pA for cleaning and finishing.
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After this second processing, relatively straight pillars can be obtained, as represented by SEM
images in Fig. 2.3.b and Fig. 2.4.b. The FIB processing was performed by Sergio Sao-Jao at Mines
de Saint-Etienne.

FIGURE 2.3: (a) Scanning Electron Microscopy (SEM) images of RIE processed ABS micropil-
lars and (b) trimmed pillar by Focused Ion Beam (FIB).

FIGURE 2.4: (a) Scanning Electron Microscopy (SEM) images of RIE processed SLS micropil-
lars and (b) trimmed pillar by Focused Ion Beam (FIB).

After FIB milling, ABS glass pillars have a top diameter of 4.5 µm and a bottom diameter of 5.3
µm. SLS glass pillars have a top diameter of 5.1 µm and a bottom diameter of 5.9 µm. The height
is more complicated to measure since the setup is tilted and the FIB has dug into the bulk around
the pillar, thus increasing its height. By using tools from the scanning electron microscope, the
projected height can be measured and the true height is deduced with trigonometric relations. We
eventually obtain hABS=5.2 µm and hSLS=4.6.

Microscopy techniques
Scanning Electron Microscopy (SEM)

For the in-situ micro-compression under e-beam, the indenter was installed in a Zeiss Supra 55
VP Scanning Electron Microscope. To change irradiation conditions, we played on current density
J by playing both on the magnification and the diaphragm aperture. Changing the aperture affects
the current I. The larger the diaphragm, the larger the current. Once the current is known, it has
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to be divided by the size of the image to obtain the current density following the equation below:

J =
I
S
=

I
spixelnpixel

(2.1)

where S is the size of the image, spixel is the size of one pixel and npixel is the number of pixels
of the SEM image. The size of the pillars was used to determine the size of one pixel which thus
depends on the magnification. The entirety of the pillar must be observable to allow homogeneous
irradiation of the latter. Consequently, the magnification can not exceed x30k. The irradiation
conditions used in the experiments are gathered in Table 2.2.

Diaphragm
aperture (µm)

Magnification
(x1000)

7.5 15 30

7.5 0.03 0.11 0.45

30 0.45 1.79 7.15

60 1.79 7.15 28.6

120 7.15 28.6 114

TABLE 2.2: Current density conditions in A/m2 as a function of the diaphragm aperture and
the magnification in the Scanning Electron Microscope.

On the other hand, based on electron trajectories calculated by Monte Carlo simulation in the
literature [135] (Fig. 2.5), the minimum acceleration voltage allowing homogeneous irradiation of
the pillar is around 20kV. Below this value, electrons will not diffuse within the full pillar. Given
this assumption, the acceleration voltage was set at 20kV. Beyond 20 kV there is also a risk of
damaging the materials [136]. This simulation has been carried out only for silica but it would
be useful to do this calculation for other glasses in a flat system to get an idea of the effect of the
composition of the glass on the penetration of electrons in matter.

FIGURE 2.5: Electron trajectories inside the micropillar for different acceleration voltages cal-
culated by Win X-ray software Monte Carlo simulations (taken from [135]).

Finally, one can wonder whether electron irradiation could increase the temperature which
can also affect the plastic response of the material, as described in the introduction of this chapter.
By using the following equation [139]:

∆T =
1.5IV0

πkR
(2.2)
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with the intensity I, the acceleration voltage V0, the thermal conductivity of the material k, and the
electron range R, an increase in temperature of about 10 K is estimated which could be considered
as negligible in our experiments.

Mechanical analysis
Micro-compression setup

The indenter was an Alemnis Standard Assembly (ASA) device, which can easily be placed
within an SEM chamber to perform in-situ micro-mechanical tests such as indentation, micropillar
compression, bending beam, tensile testing, or even fatigue and scratch testing. It operates with
a true displacement control that allows sudden load excursions, load drops, compression artifacts
or strain rate jumps to be monitored by a Mini Load Cell MLC-1.5 (k=1100 mN/µm) in real-time,
with a load range up to 1.5N (typ.8 µN RMS noise).

FIGURE 2.6: Scanning electron image of the micropillar compression setup. This setup is 30°-
tilted within a Scanning Electron Microscope (SEM) to allow simultaneous SEM observation
and pillar micro-compression. This image has been taken at the Laboratory for Mechanics of
Materials and Nanostructures at Thun in Switzerland by G. Guillonneau, J. Michler, and G.

Kermouche.

A flat punch made of a "conductive" diamond with a diameter of 10 µm was fixed. Thus,
the flat punch is large enough to maintain uniaxial compression despite increasing pillar sections.
In the SEM chamber, the Alemnis device is tilted at 30° to allow good observation of the pillar
and the most homogeneous irradiation possible during the micro-compression test. Fig. 2.6 is an
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SEM picture showing the flat punch above the array of silica pillars. With this setup, both micro-
compression tests and relaxation tests were carried out. All the experimental microcompression
tests were performed with a displacement speed between 10 nm/s and 100 µm/s at loading and
unloading, with a maximum controlled displacement of 1.5 µm, and at room temperature. Once
the flat punch is set just above the pillar, an auto-approach has to be done to detect the top of
the pillar and set the exact zero position. When the test is running, the load is recorded during
all the mechanical testing and Load-Displacement curves are directly available from the Alemnis
software.

2.2 In situ micropillar compression

2.2.1 Mechanical behavior under irradiation and strain rate sensitivity

During the compression experiment, the flat punch is moving downwards, loading and deform-
ing the pillar before moving upwards to release the deformed micropillar. The force vs indenter
displacement curves are recorded. However, determining true stress-strain curves with pillar
compression experiments is a difficult issue in the case of silicate glasses. The first issue is the
elastic contribution of the substrate and the compliance of the device. Sneddon [140] provides an
analytical formula to subtract the elastic sink-in depth Usneddon from the total displacement Utot:

∆U = Utot − UDevice − USneddon = Utot −
F

GDevice
− (1 − ν2)F

2aE
(2.3)

where F is the measured force, GDevice is the compliance of the machine, a is the radius of the
micropillar, E is the elastic modulus, and ν is the Poisson ratio.

The second issue is the change in the pillar section during straining. At first, the well-known
basic expressions for the true stress σT and the true axial strain ϵT are applied:

σT =
F
Si

(2.4)

ϵT = − ln
(

1 − ∆U
U0

)
(2.5)

where Si is the actual area of the pillar during deformation and U0 is the initial height of the pillar.
However, for crystalline metals, plastic deformation is volume-conservative, so Si directly derives
from ∆U and the yield stress is small so that the compliance corrections are negligible, simplifying
the calculation of pillar deformation through equations 2.4 and 2.5. In contrast, for silicate glasses,
substantial plastic densification can occur (sec. 1.2.3.a), and the yield stress is high so that elastic
deformation is not negligible. By following the method developed by Kermouche et al. [96], the
radial deformation ϵr, used to evaluate the true section of the pillar, is decomposed into elastic
and plastic parts, and the radial strain rate during tests follows the equation below:

ϵ̇r = −(νϵ̇e
T + kϵ̇

p
T) (2.6)
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where ϵe
T is the elastic axial deformation, ϵ

p
T is the plastic axial deformation, and k is the ratio of

the plastic radial expansion over axial plastic deformation. In previous experiments, it was shown
that the densification in uniaxial compression is small (less than ten 10%) [141] so that in these
experiments, we assume an isochoric plasticity with k = 0.5 (constant volume). This model might
be improved by a better estimation of k using FEM simulation and by taking into account the
densification in the pillar [141].

Fig. 2.7.a exhibits stress-strain curves from micro-compression of pure silica, aluminoborosil-
icate, and soda-lime silicate glass pillars at several displacement speeds without irradiation. The
stress increases with strain, reaching a peak before decreasing, indicating the yield stress and sub-
sequent apparent softening. SiO2 glass exhibits the highest yield stress up to 6-6.5 GPa (which
is slightly lower than the value found by Bruns et al.), ABS displays a yield stress of 4.5-5 GPa,
and SLS shows the lowest yield stress with 3.2-3.5 GPa, depending on the tip speed. This figure
shows that those compositions are not strain rate sensitive under these testing conditions since
the mechanical behaviors are quite similar whatever the tip speed. We can also notice a slight
negative slope on the plastic part of the mechanical response for all compositions which could
suggest a strain softening of the material. In fact, this is an artefact from the measurement result-
ing from inaccurate pillar surface correction. For these experiments, silica has been tested at lower
tip speeds than the other glasses because of the difference in strain rate sensitivity with ABS or
SLS (see below).

a) b)

FIGURE 2.7: (a) Micro-pillars compression of SiO2, ABS and SLS glasses for several tip speeds
without electron irradiation. (b) Micro-pillars compression of SiO2, ABS, and SLS glasses at
100 nm/s (or 1 µm/s for SiO2) with (full marks) or without (empty marks) electron irradiation

(marker every 4 data values).

The results obtained under beam-on conditions with an acceleration voltage of 20 kV and a
current density of 114 A/m2 (X30-120µm in Table 2.2) are shown in Fig. 2.7.b for a loading velocity
of 100 nm/s. Clearly, all three compositions are irradiation sensitive: the yield stress decreases
from 6 GPa to 4 GPa for silica, from 3.8 GPa to 2 GPa for ABS glass, and from 3 GPa to 2 GPa
for SLS glass. Another interesting feature we can notice in this figure is this jerky plastic flow on
the silica stress-strain curve at 1 µm/s under irradiation. These features appear for tip speeds in
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the range of 1 to 10 µm/s. In fact, we noticed a perfect match between the periodicity of these
oscillations and the scanning time of the SEM. It means this flow is characterized by alternative
relaxation induced by alternative e-beam off/on conditions.

Our results, which for silica are fully in agreement with the micropillar compression performed
under irradiation by Bruns et al. [135], demonstrate that normal silicate glasses present a similar
behavior under irradiation.

2.2.2 Residual geometry of compressed micropillars with and without electron irra-
diation

We also investigated the residual geometry of the pillars resulting from the compression under
beam-on or beam-off conditions. Fig. 2.8 presents SEM images of compressed SiO2 micropillars
under varying levels of maximum applied axial strain (ϵz,max). In the top row, where the e-beam
is off, the micropillars display a progressive increase in damage as the strain increases. At 21%
maximum strain, the micropillar remains largely intact, but as the strain increases, minor cracks
begin to appear. These cracks become more prominent and extend further at larger maximum
strain while the structure shows significant damage with widened cracks. At very large maximum
strain, severe cracking with large fractures is visible and the micropillar is heavily damaged with
multiple large cracks and significant fragmentation.

FIGURE 2.8: Field-Emission SEM images of compressed SiO2 micropillars with and without
e-beam irradiation. The values above the images represent the maximum applied axial strain

ϵz,max.

In contrast, the bottom row, where the e-beam is on, shows that the micropillars tend to exhibit
less severe cracking at equivalent or even higher maximum strain levels. At 15% maximum strain,
the micropillar remains intact, showing no visible damage. As the maximum strain increases,
some radial cracks begin to form, though they remain relatively small. When the maximum strain
goes over 50%, the pillar exhibits visible damage and significant radial cracking is evident on the
edges. However, no crack can be observed on the top of the pillar. Moreover, no direct correlation
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can be deduced between the number of radial cracks and the strain applied. Overall, the compari-
son between the two sets of images suggests that e-beam irradiation has a mitigating effect on the
structural damage caused by compression. The micropillars subjected to e-beam irradiation show
less severe cracking and better structural integrity at comparable strain levels compared to those
not subjected to e-beam irradiation. These results confirm that electron irradiation can promote
plastic flow by lowering the yield stress in amorphous silica, as previous work highlighted [135].

FIGURE 2.9: Scanning electron images of compressed ABS micropillars with (a) and without
(b) e-beam irradiation. Red arrows show shear localizations on the pillar.

FIGURE 2.10: Scanning electron images of compressed SLS micropillars with (a) and without
(b) e-beam irradiation. Red arrows show shear localizations on the pillar.

The same work has been done on ABS and SLS glass micropillars after compression with or
without irradiation. Unlike silica glass pillars, this characterization of residual geometries has
been only performed for one displacement at 2 µm, or about 40% maximum applied axial strain
for both ABS and SLS glasses. When the beam is off (Fig. 2.9.a and Fig. 2.10.a), both compositions
exhibit significant deformation and cracking around the pillar circumference, indicating substan-
tial structural damage due to compression. Additionally, some traces of shear localizations are
observed along the micropillar periphery (red arrows). In contrast, micropillars compressed un-
der irradiation (Fig. 2.9.b and Fig. 2.10.b) display a more uniform surface without any cracking
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pattern, and no more shear localizations. It clearly indicates that electron irradiation promotes a
more homogeneous plastic deformation in other silicates as well.

To have a more precise characterization of the viscoplasticity of the glass under irradiation
and the relation between stress, strain rate, and electron irradiation we have performed relaxation
tests.

2.3 Electron irradiation and viscoplastic deformation

2.3.1 Relaxation tests

A relaxation test consists in applying a given strain and keeping it constant over time. In the
meantime, the stress relaxation is monitored. In the example of Fig. 2.11, the pillar is first com-
pressed to 2 µm with a tip speed of 100 nm/s. The loading time is noted t0. Once the final position
is reached, the displacement and the electron beam are maintained and the load is recorded over
a time of 300 s.

FIGURE 2.11: SiO2 pillar relaxation measurement: evolution of stress (left-hand axis) at con-
stant displacement (right-hand axis). These data were taken under irradiation for a magnifi-

cation of 15k and a diaphragm aperture of 30 µm.

Then, the determination of σ-ϵ curves from F-U curves is based on the method described pre-
viously in section 2.2.1.

2.3.1.a Rescaling time with current density

The stress relaxation was carried out with different irradiation conditions. Since the tip position
is constant during a relaxation test, it makes it possible to maintain the same irradiated volume
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of the pillar over time (in comparison with a simple micro-compression of the pillar where the
irradiated volume changes upon the test), to more precisely evaluate the impact of the electron
beam on the mechanical response of the glass.

The different irradiation conditions are given in Table.2.2 and the resulting stress-time curves
are plotted in Fig. 2.12.a. The curves show a gradual decrease in stress over time, indicating
material relaxation. It is observed that higher current densities lead to faster stress relaxation
compared to lower current densities. Interestingly, all the plots have similar shapes of relaxation
functions. As a result, from Fig. 2.12.a, we can try to rescale all the curves to the highest current
density curve (X30A120) to obtain one single master curve presented in Fig. 2.12.b. The rescaling
is given by the following equation:

tN =
t − t0

SJ
(2.7)

where tN is the normalized time, t is the time, t0 is the initial time and SJ (or Shi f t(J)) is the shift
factor which is chosen to optimize the match between rescaled curves.

This excellent rescaling of all the relaxation curves underscores the exact impact of current
density on the plastic properties of SiO2 pillars, with higher densities accelerating stress relaxation
which results in a lower apparent yield stress. Irradiation only affects the time scale without
changing the relaxation process. This superposition in time-current density is in some way similar
to the principle of time-temperature equivalence found in polymers where the shift factor aT is
defined by the WLF law [142].

FIGURE 2.12: (a) SiO2 pillar relaxation under e-beam irradiation for different current density
conditions and (b) rescaled with a shift factor. The blue one is the smallest current density and

the pink one is the highest condition of the batch.

For clarity and to avoid redundancies, only the case of silica is reported in this section. Since
the data processing is the same for the three compositions, that of ABS and SLS is reported in
Appendix 1 and we observe the same trend as for pure amorphous silica with higher current
densities leading to faster stress relaxation, and all data rescaling into a single master curve.

The second important aspect of the rescaling is the shift factors. For all three glass composi-
tions, the dependence of the shift factor with current density is plotted in Fig. 2.13.
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FIGURE 2.13: Shift factor SJ as a function of the current density for SiO2, ABS and SLS glasses.
Each composition is fitted with a power law function. By definition, the three points at the

highest current density overlap.

Data have been fitted with a power law function which is defined by:

SJ =
A
JB (2.8)

with J the current density, and A and B the two fitting parameters displayed in Table.2.3 for the
three glass compositions. Interestingly, the values of all slopes are around 1. This approximately
linear dependence over nearly 4 decades will be discussed in section 2.4.2.

SiO2 ABS SLS

A 69.1 87.8 240.7
B 0.89 1.01 1.18

TABLE 2.3: Fitting parameters of the power law function depending on the glass composition.
The corresponding fits are represented on Fig. 2.13.

2.3.1.b Time description - the stretched exponential model

A highly successful description of relaxation in disordered systems is the stretched exponential
model initially proposed by Kohlrausch in 1847 for electric charges [143] and reviewed by Phillips
[144, 145]. The function is:

σ(t) = σ0 exp [−(t/τ)β] (2.9)

where σ0 is the initial stress. The relaxation time τ and the dimensionless stretching fraction β,
(with 0 < β ≤ 1) are two free parameters. When β = 1, it corresponds to a simple exponential
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function with a single relaxation time whereas β < 1 indicates a nonexponential relaxation behav-
ior which reflects a distribution of relaxation times or more complex relaxation phenomena. This
model has been proved to provide a good description of the relaxation behavior of homogeneous
glass systems [146].

FIGURE 2.14: (a) Stress vs Time master curves for all glass compositions fitted with the
stretched exponential model [146].

Fig. 2.14 shows the master curves for the three glass compositions fitted with the stretched
exponential model. Good fits are obtained with βSiO2 = 0.23, βABS = 0.27 and βSLS = 0.28.

However, another description based on a strain rate analysis, as Bruns et al. did, is also possible
to provide a different interpretation of the irradiation effect on the mechanical response of the
glass.

2.3.2 Strain rate description

Based on the same data, we can also plot the stress as a function of the viscoplastic strain rate ϵ̇p.
In analogy with the uniaxial relaxation test, Baral et al. [147] proposed a method to calculate the
plastic strain rate ϵ̇vp during relaxation. Fig. 2.15 gives a simple representation of the relaxation
test of an elastic-viscoplastic material.

Thus, we can write the relation between ϵ̇vp and σ. Since the strain is constant we have the
following relation:

ϵ = ϵe + ϵvp = cst (2.10)

and the stress is only determined by the elastic deformation (since the plasticity is a flow or a
strain) and can be written as:

σ = Eϵe (2.11)
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FIGURE 2.15: Rheological model of an elastic–viscoplastic solids. σ is the stress, ϵ is the con-
stant strain, σy is the yield stress, ϵe is the elastic deformation, and ϵvp is the viscoplastic de-

formation. ϵvp gradually increases over time while ϵe decreases during stress relaxation.

Finally, by combining equations 2.10 and 2.11, the relationship between the viscoplastic strain rate
and the stress obeys:

ϵ̇e = −ϵ̇vp =
σ̇

E
(2.12)

with E the Young’s modulus and σ the monitored stress. However, in practice, the strain is not
constant. Indeed, the pillar is not completely blocked from both sides (sec. 2.2.1). It is slightly
pushed back by the substrate which rises during the relaxation test. Eventually, the correct ex-
pression of the plastic strain rate follows the equation:

ϵ̇vp = ϵ̇T − σ̇

E
(2.13)

where ϵ̇T is the true strain defined in section 2.2.1.

FIGURE 2.16: SiO2 pillar relaxation measurement for a magnification of 15k and a diaphragm
aperture of 30 µm. The stress was plotted as a function of the plastic strain rate.

From equation 2.12, the stress as a function of time in Fig. 2.11 can be converted into stress as
a function of plastic strain rate represented in Fig. 2.16. With this transformation, we obtain a full
stress vs strain rate curve in one experiment, which can be compared with the results obtained
by Bruns [135] with point-by-point experiments. For 20 kV and a current density of 1 A/m², they
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found a yield stress of about 4.5 GPa for a strain rate of 5.10−3s−1 which is consistent with Fig. 2.16
(J=1.8 A/m2) where the yield stress is about 4.7 GPa for the same strain rate. Furthermore, this
alternative data processing can be applied to all the current density conditions to obtain Fig. 2.17.a.

a) b)

FIGURE 2.17: Silica pillars compression under e-beam irradiation. Relaxation curves (a) and
rescaling by shift factor SJ (b) to get the SiO2 master curve. The highest current density condi-

tion is the reference and is not shifted.

As for Fig. 2.12.a, it shows that the yield stress decreases with higher current density condi-
tions over the same range of plastic strain rate. Here, in log-log scale, it seems even clearer that we
can shift the curves to obtain a single master curve reflecting a time (or strain rate)-current density
superposition, similar to the time-temperature superposition for polymers [148], described in sec-
tion 2.3.1.a. By using the highest current density as a reference condition and applying the same
shift factors SJ determined in section 2.3.1.a, for each current density condition, we find a single
master curve (Fig. 2.17.b). This master curve allows us to characterize the strain rate dependence
of the yield stress over nearly 5 decades of strain rates.

2.3.3 Application and comparison with other glass compositions

Similarly, these experiments have been reproduced for ABS glass and SLS glass, and the respective
master curves have been plotted together with silica in Fig. 2.18 with the same reference (identical
highest current density). We observe that in contrast to silica glass which seems to display one
single strain rate regime, ABS and SLS master curves exhibit two different regimes of strain rates.
The low strain rate regime, below 10−1s−1, seems to be common with silica glass, as it will be
detailed later in the discussion part. Above a strain rate of ca. 10−1s−1, a second regime with a
much smaller slope appears for both ABS and SLS which suggests a different plastic mechanism
is involved at a high strain rate.
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FIGURE 2.18: Superposition of the master curves for silica, ABS glass, and SLS glass show the
generality of the time - current density equivalence. Each glass composition is fitted with an
Eyring model taken from [149]. For normal glasses (ABS and SLS), the model only fits with

the first part of the plot. Above 10−1s−1, another regime appears.

2.4 Physical description of the phenomenon

2.4.1 Glass plasticity and activation model

Plasticity in ordered crystalline environments, such as metals, is primarily governed by dislocation-
based mechanisms. In a crystalline solid, atoms are arranged in a highly ordered and periodic
lattice structure. When stress is applied, the deformation of these materials is facilitated by the
movement of dislocations, which are line defects within the crystal lattice. These dislocations al-
low layers of atoms to slip past one another at much lower stress levels than would be required
for the entire lattice to shift simultaneously. Plastic processes involve the generation, movement,
and interaction of dislocations, which can form complex networks and patterns within the crystal.
The mobility of these dislocations is influenced by various factors, including the crystal structure,
temperature, and the presence of impurities or other defects.

These mechanisms, however, do not directly account for the plasticity of silicate glasses (sec. 1.2.3)
due to their amorphous nature. Unlike crystalline solids, amorphous materials lack a periodic
structure, meaning dislocations are absent, necessitating a different approach to describe their
plasticity at a molecular level. Since the pioneering works of Spaepen and Argon [150, 151] in
the late 1970s, it has been established that plastic flow in amorphous solids occurs through shear
stress-induced localized rearrangements of small clusters of particles. Argon [151], and later Falk
and Langer [152], identified these clusters as shear transformation zones (STZs), where localized
stresses lead to rearrangements. A similar phenomenon can be observed in foams, known as T1
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local rearrangements [153]: foams are composed of bubbles or cells surrounded by thin films.
When a foam is subjected to deformation, the cells can reorganize their structure through local re-
arrangements. Upon deformation, such as compression or extension, the bubbles can move closer
or farther apart. In a T1 rearrangement, two adjacent bubbles (e.g., C and D) begin to separate
while the other two (A and B) move closer together (see Fig. 2.19 below).

FIGURE 2.19: T1 process in two dimensions in liquid foams. A, B, C, and D are bubbles in
contact (adapted from [153]).

By focusing on a smaller scale for silicate glasses in these STZs, the glass plasticity can even
be described at the atomic scale. At this scale, bond-switching events occur [154, 155, 156, 137].
When stress is applied to the glass, it can induce local rearrangements. The energy from the stress
causes certain bonds to break and new bonds to form. Initially, atoms are connected in a spe-
cific manner, forming bonds with their neighboring atoms (Fig. 2.20.a). As the stress increases,
the atoms begin to shift positions, breaking stable bonds and moving closer to forming new con-
nections (Fig. 2.20.b). Eventually, new bonds are established between different sets of neighbor-
ing atoms, rearranging the structure but maintaining the overall amorphous nature of the mate-
rial (Fig. 2.20.c). This bond-switching mechanism allows the glass to deform plastically. Instead
of cracking or breaking, the material can absorb and dissipate energy by rearranging its atomic
structure. This ability to switch bonds enables the material to flow under stress, above a certain
threshold, which is the yield stress. Because of the localized nature of the STZ, the yield stress in
amorphous materials is typically larger than in crystalline materials. Those localized rearrange-
ments can be modeled by using Molecular Dynamics simulations discussed in section 1.2.5.c.

FIGURE 2.20: A representative bond-switching event in pure amorphous silica (adapted from
[137]).
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The temperature dependence of the yield stress described by Widmer et al. [134] suggests that
this plastic deformation mechanism is thermally activated. The standard model to describe such
a phenomenon is the Eyring equation (see e.g. [149]):

ϵ̇ = ϵ̇0 exp
(
−E0 − σΩ

kT

)
(2.14)

or
σ =

E0

Ω
+

kT
Ω

ln
ϵ̇

ϵ̇0
(2.15)

where ϵ̇ is the strain rate, ϵ̇0 is the product of attempt frequency and average shear strain per
successful attempt, E0 the activation energy, σ the shear stress, kT the thermal energy, and Ω some
activation volume. This volume is a parameter that cannot be linked to any characteristic size of
the material. According to the Eyring equation, when stress is applied, the activation energy is
reduced by the elastic energy supplied by the stress. Beyond the yield stress, the energy barrier
becomes sufficiently low to trigger local rearrangements, leading to plastic deformation in the
material, and the flow rate depends on the stress.

2.4.2 Impact of irradiation

The data show that electron irradiation affects the bond-switching mechanism in silicate glasses.
When electrons penetrate the material, we assume they act as catalysts, effectively lowering the
activation energy required for bond switching from E0 to E1. Then at constant σ we have:

E0 + kT ln
ϵ̇

ϵ̇0
= E1 + kT ln

ϵ̇1

ϵ̇0
(2.16)

or
ln
(

ϵ̇

ϵ̇1

)
=

E1 − E0

kT
=

∆E
kT

(2.17)

i.e. the dynamics is shifted: if E1 < E0, then ϵ̇1 > ϵ̇. In other words, under irradiation and
for the same stress value, plastic flow occurs at a faster strain rate. E1 − E0 will depend upon the
details of the chemical bonds and their interactions with the impinging electrons. This reduction in
activation energy shifts the dynamics, as depicted in Fig. 2.21 where the energy barrier E0 without
irradiation is higher compared to the lower energy state E1 with irradiation.

Fig. 2.18 exhibits the master curves, for all the glass compositions investigated, fitted with the
model described previously. Thus, the fitting model is defined by:

σ = C ln(ϵ̇/D) (2.18)

C =
kT
Ω

(2.19)

D = ϵ̇0 exp
(
−E0

kT

)
(2.20)

with C and D the fitting parameters. Since T is unchanged in the experiments, E0 and ϵ̇0 can not
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FIGURE 2.21: Diagram representing the activation energy for bond switching mechanism with
and without irradiation. Under e-beam irradiation, the mechanism triggers at a lower energy

state E1 than the initial activation energy E0 without irradiation.

be dissociated and the fit is a two-fitting parameters model instead of three. However, in the liter-
ature, the activation energy E0 required to detach and reattach a siloxane bond is usually around
90 kcal, which is nearly twice the bond energy [154]. Their values for each glass composition are
displayed in Table 2.4.

SiO2 ABS SLS

C (GPa) 0.56 0.43 0.33
D (s−1) 5.3×10−5 9×10−5 4.5×10−5

TABLE 2.4: Fitting parameters of the Eyring model depending on the glass composition. The
corresponding fits are represented in Fig. 2.18.

With the C values, an activation volume can be calculated for each glass. At room temperature,
we obtained ΩSilica= 7 Å3, ΩABS= 10 Å3, and ΩSLS= 12 Å3 which is consistent with the value (9.7
Å3) obtained for amorphous silica by Kang et al. [138] with Transmission Electron Microscope
(TEM) in-situ experiments on silica. However, the physical interpretation of these values has not
yet been fully explored.

In Fig. 2.18, on the blue curve corresponding to pure silica (SiO2), the dotted black line rep-
resenting the model fits well with the experimental data in the central region. However, there
are noticeable deviations on both the left and right sides of the fitting model. A deviation on the
right side, at high strain rates, corresponds to a saturation of the yield stress. At these high strain
rates, the irradiation levels are low and do not significantly affect the material’s plasticity. Conse-
quently, the yield stress cannot exceed that of the original, unirradiated material, which has weak
strain-rate dependence [157, 134]. Moreover, the strain rate probably exceeds the range where
Eyring’s model is valid which is based on activated plastic events with a limited maximum fre-
quency. At high strain rates, the required frequency of plastic events surpasses what the model
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can capture, leading to a poor fit with experimental data. We are therefore governed by a different
mechanism. On the left side, at low strain rates, we find that Eyring’s model doesn’t fit the exper-
imental data either, and another model could be more relevant. For instance, a different physics
in the stretched exponential model ("fat tail"), described in section 2.3.1.b, fits well in this part of
the plot (long times), especially concerning the normal glasses. In brief, in our case, the Eyring
model is limited to a certain range of strain rates. Apart from these minor deviations, the model
fits the silica quite well, which means that plasticity induced by thermally/mechanically activated
bond-switching seems to describe the overall plastic deformation of the material particularly well.

Furthermore, these time-irradiation equivalences show us that theoretically, by applying a
low strain rate (such as 10−3 or 10−4s−1 on the curve), the material is capable of flowing at much
lower yield stress than its initial value, without irradiation. Conversely, irradiation will allow the
material to flow at lower yield stress if the strain rate is significant. We also have to keep in mind
that the strain rate range depends on the reference current density condition initially chosen to
shift the raw data. For example, by choosing the lowest current density condition as a reference,
the strain rate range would have been from 10−9 to 10−2s−1. In this case, it means that silica can
flow at 300 MPa if we wait for 30 years (109 seconds), which is more plausible. Assuming that
the time-current density equivalence is perfect, this choice is completely arbitrary. In terms of
dynamics, whatever the reference, the interpretation is unchanged.

Finally, Fig. 2.13 exhibits an interesting relation between the shift factor SJ and the current
density J with a slope of about 1 for the three glass compositions studied (Table 2.3). This direct
proportionality indicates that the strain rate increases linearly with the current density, implying
that the number of plastic events (bond-switching) is proportional to the number of electrons im-
pinging on the pillar. The same plastic deformation (i.e. the same number of plastic events) is
reached in half the time if the current density doubles. In on-going discussions, Morgan Rusinow-
icz pointed out that his linearity opens the door for another interpretation of the data, in which
plastic events are directly triggered by the interaction with one/some electron with a plastic strain
proportional to the charge. Experiments at elevated temperatures would help differentiate from
the jump probability and activation energy approach involved in the Eyring model described in
the present section.

2.4.3 Two relaxation mechanisms: analogy with dynamic measurements

In contrast to pure silica, a single Eyring model does not (almost) fully fit the master curves for
ABS and SLS glasses as shown in Fig. 2.18. The model only matches one of the two strain rate
regimes described in section 2.3.3. In the case of normal glasses, we observe a second regime,
not (or much less) catalyzed by electron irradiation, at higher strain rates, which, in our opinion,
reveal more "rapid" relaxation events. Since this regime doesn’t exist in silica, we suggest that it
involves the mobility of the network modifiers present in the structure of normal glasses and not
in silica. Consequently, we ascribe the first regime, characterized by a relatively "slow" (i.e. "highly
irradiated") relaxation, to the plasticity of the SiO2 matrix. As described in pure amorphous silica
in the previous section, in this regime, irradiation catalyzes bond-switching events thus facilitat-
ing stress relaxation through the activation of plasticity in the material at a lower strain rate. As a
first approach, we note that the ABS and SLS glass contain 70% SiO2 so that a strict proportionality
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rule would predict a slope C reduced from 0.56 for silica to 0.39 for these two glasses which qual-
itatively agrees with the measured values (0.43 and 0.33). On the other hand, we observe that the
more network glass formers (Si, B, Al) present in the glass, the higher the slope of the first regime.
It is therefore likely that this initial regime describes not only the plasticity of the silica matrix but
also that of the other network glass formers which would also be affected by irradiation.

As described in section 1.1.2.b, normal glasses contain a significant amount of network mod-
ifiers. Their presence leads to network depolymerization, which directly affects the material’s
thermal and mechanical properties. Other tests published in the literature have demonstrated the
existence of two relaxation mechanisms, notably through the use of internal friction [158, 159].

FIGURE 2.22: (a) Internal friction (Q−1) of four kinds of glasses as a function of the temper-
ature (taken from [159]) and (b) progressive changes of the internal friction curves during

gradual substitution of alkalis in (1 − x)Li2O · xNa2O · SiO2 glasses (taken from [158]).

Internal friction evaluates the dissipation of mechanical energy when a glass sample is sub-
jected to periodic, small strain, deformations (vibrations). These tests are carried out through tem-
perature sweeps and the identification of the viscoelastic properties and especially the relaxation
modes provide insight into atomic network structure and phase transitions. Fig. 2.22 displays two
sets of internal friction measurements as a function of temperature for different silicate glasses. In
this case, the temperature plays the same role as electron irradiation in our measurements since by
increasing the temperature the energy ratio in the exponential from Eyring’s equation (Equation
2.14) decreases. These experiments show that glasses containing a significant amount of network
modifiers (SLS and AS) exhibit two regimes of dissipation. One peak at very high temperatures
(at least over 400°C) corresponds to the α relaxation of the glass formers from the matrix, which
is closely related to the glass transition. This α relaxation represents the point at which the mate-
rial undergoes significant molecular rearrangements as it transitions from a rigid, glassy state to a
more flexible and dynamic state, marking the onset of viscoelastic behavior. Other peaks at lower
temperatures correspond to the β relaxation of the network modifiers, which are clearly associated
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with the localized motions of these modifiers within the structure. For example, since the borosil-
icate and the "quartz glass" (amorphous silica) in Fig. 2.22.a lack such network modifiers, they do
not exhibit this secondary relaxation regime. Moreover, by substituting a network modifier for
another (Fig. 2.22.b), the position of the peak corresponding to this relaxation β changes while the
α peak at 400°C does not change.

In analogy to these experiments, our interpretation of the relaxation experiments for normal
glass involves two mechanisms: one governed by the matrix and the other one governed by the
ions. Network modifiers, which have ionic bonding with lower dissociation energies (150 to 400
kJ/mol) compared to covalent bonds (200 to 1000 kJ/mol) [160], are expected to play a different
role in the plasticity of ABS and SLS glasses. Our data suggest that these mechanisms are: 1)
more easily activated by stress, which lowers the yield stress compared to silica; 2) less sensitive
to electron irradiation, which seems reasonable given their ionic nature. In brief, our results sug-
gest a direct connection between the small strain/low-stress relaxation mechanisms and the large
strain/high-stress mechanisms of plasticity. In particular, they show that the dominant mecha-
nism at room temperature in normal glasses is associated with the network modifiers.

2.4.4 From strain rate to relaxation

Finally, we will establish a connection between the strain rate description as shown by Bruns
(fig. 2.1b) and the time-dependent (relaxation) approach that we addressed using the stretched
exponential model in section 2.3.1.b.

FIGURE 2.23: Data from Fig. 2.1.b [135] fitted with a law based on the stretched exponential
model.

Indeed, the shift factor SJ scales the characteristic relaxation time τ. Moreover, according to
Fig. 2.13, we know that this shift factor SJ is inversely proportional to the current density J (con-
sidering a slope of 1). So we have τ ∼ SJ =

α
J with α a constant. Moreover, the definition of the
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coefficient of strain rate sensitivity [161] is given by:

m =
∂ ln σ

∂ ln ϵ̇vp
=

∂ ln σ

∂ ln (−σ̇)
(2.21)

where ϵ̇vp is defined by the equation 2.12. Starting from equation 2.9 of the stretched exponential
model and expressing t as a function of σ, we have:

σ̇ = −σ0βtβ−1

τβ
exp [−(t/τ)β] = −βtβ−1

τβ
σ = −β

τ
σ

(
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(
σ

σ0

)) β−1
β

(2.22)

Thus, we have to express ln (−σ̇) as a function of ln σ:

ln (−σ̇) = ln
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τ
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Then, we can express equation 2.21 as:

1
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Finally, the expression of m as a function of J is:

m =
1

1 + 1−β
β

( t
τ

)−β
=

tβ

tβ + 1−β
β τβ

=
tβ

tβ + 1−β
β

(
α
J

)β
(2.25)

which provides an expression for the strain rate sensitivity m as a function of the stretching frac-
tion (exponent of the stretched exponential fit) β. A fit of this model to Bruns’ data (Fig. 2.23) gives
β = 0.39, to be compared with our value 0.23 for silica.

In the literature [144], two values of β can be found: β = 3/5 follows the diffusion-trap theory
for short-range forces, while β = 3/7 describes a relaxation governed by longer-range interactions,
as structural relaxation [146]. However, in our case, β is systematically smaller than the mentioned
values. Most probably, these discrepancies are related to the heterogeneity of the electron irradia-
tion which will produce a spread of the relaxation times. Indeed, the shadowing by the flat punch
during the relaxation test may influence the homogeneity of the irradiation in the pillar and con-
sequently, the stress relaxation homogeneity. Another parameter that can affect the homogeneity
of the irradiation is the penetration depth of the electrons, which is of the order of the pillar size
(sec. 2.1). Consequently, the slightest inhomogeneity reduces the value of β, which can explain
why all the coefficients we obtained are smaller than 3/5 or 3/7. The value obtained in Fig. 2.23
is closer to those found in the literature [146] compared to the β values we previously determined
for our silicate glasses, but is very much dependent on the value of one single point... To achieve
a more accurate fit, additional data points should be added to this graph, which would alter the β

value.
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Conclusion

In this chapter, we have examined the impact of electron irradiation on the dynamics of plastic
flow in different types of silicate glasses. For that purpose, we have used original experimen-
tal conditions, namely relaxation measurements under different irradiation conditions within the
chamber of an SEM for three different glass compositions.

In many respects, electron irradiation at room temperature in silicate glasses plays the same
role as temperature in other types of amorphous materials. In particular, we have shown that we
can apply time-current density equivalence in a manner reminiscent of time-temperature super-
position in polymers. When the experimental times are rescaled, a stretched exponential model
works well to fit the stress vs. time master curve. However, the physical interpretation of these fits
remains unclear and requires further investigation. In particular, the low value of the exponent β,
about 0.25, suggests it may be due to heterogeneities within the sample rather than some intrinsic
relaxation time distribution.
The same data can also be analyzed as families of stress-strain rate curves that can of course also be
rescaled into a single master curve by time-current density superposition. We find that for amor-
phous silica the strain rate sensitivity curve can be mostly fitted by an Eyring model over more
than 3 decades of strain rate, with deviations both at high and low strain rates. However, this
model no longer applies to normal glasses at high strain rates (low irradiation). Under these con-
ditions, a second regime emerges, likely related to the plastic rearrangement involving network
modifiers, which are much less sensitive to irradiation.

This study highlights the complexity of plastic deformation mechanisms in different glass
compositions under irradiation, illustrating the different impacts of the network and of the mod-
ified regions in the plastic response, which are differently affected by irradiation. Future research
should focus on relaxation experiments applied to other glass compositions such as lead silicate
glass (60SiO2 - 25PbO - 5B2O3 - 10Others [89]) which contains lots of network modifiers or such as
borosilicate with a very low amount of network modifiers.

Finally, it is important to recognize that electron irradiation can introduce side effects and po-
tential sources of error, especially in micro-scale mechanical characterization performed in situ
inside an SEM. These effects can significantly impact the assessment of plastic flow behavior and
fracture toughness, making small-scale approaches particularly susceptible to irradiation influ-
ences.
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Introduction

Surface flaws play a significant role in determining the mechanical strength of glasses, as es-
tablished by Griffith [29] in 1921. In the context of silicate glasses, the tendency to crack under
indentation, such as in a Vickers test, is influenced by several factors, including the chemical com-
position of the glass and the geometry of the indenter (sec. 1.2.4).

Traditionally, densification has been identified as a key factor influencing indentation crack-
ing, with certain glass compositions exhibiting greater crack resistance due to their ability to den-
sify [59, 87]. More recent studies suggest that another approach might be considered. Indeed,
at the very end of their review, Januchta and Smedskjaer [64] pointed out that most of the re-
viewed works have focused on the densification contribution to the indentation-induced defor-
mation and that greater focus is needed on understanding shear flow mechanisms, along with
developing methods to quantify shear characteristics. Indeed, it was later shown numerically that
densification impacts the residual stress field in indentation in a more limited manner than usually
assumed [125]. Clear evidence of shear localizations in the plastically deformed region in silicate
glasses beneath Vickers indents has been highlighted by Gross et al. [94] resulting in very different
shear patterns and crack resistances depending on the composition of the glass. Concerning the
crack resistance investigation, other studies have shown that the amount of Al2O3 in aluminosili-
cate glasses [162], just like the rare-earth cation size in aluminate glasses [163], directly affects their
cracking susceptibility. Therefore, understanding the link between glass composition, shear band
formation, and crack initiation is essential for improving the mechanical resistance of glasses.

This chapter aims to explore this relation by evaluating the effect of mixed glass formers (SiO2,
B2O3) and mixed alkaline-earth modifiers (CaO, MgO) in a series of aluminoborosilicate (ABS)
glasses on crack susceptibility under indentation. These compositions closely resemble display-
type glass compositions, specifically alkali-free aluminoborosilicates, and are relatively easy to
melt in particular due to the lower viscosity resulting from the high boron content. They have
also demonstrated a clear dependence on composition for shear band formation and cracking
susceptibility [94]. More generally, MgO is known to enhance crack resistance [164], but the cor-
responding shear patterns have not been established yet. The proposed compositions may help
to clarify the effect of the substitution of glass formers and network modifiers on shear band
formation and its relation to crack resistance. This study will take up some of the experimental
methods described in the chapter 1 to quantify these effects and identify a general trend applicable
to different glass compositions. These investigations will provide a deeper understanding of the
mechanisms of shear band formation in ABS glasses, considering the effects of the applied load,
glass composition, and indenter geometry in relation to glass rupture properties.
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3.1 Material and methods

Sample preparation and glass compositions
Eighteen glass samples were melted with composition (15− y)CaO · yMgO · 15Al2O3 · xB2O3 ·

(70− x)SiO2, with x = 0, 5, 15, 25 (mol%) (Table 3.1). In the case where x is 5 or 15, the substitution
of CaO by MgO follows y = 0, 2.5, 5, 7.5, 10, 12.5, 15 (mol%) (Table 3.2). Batches were mixed to
yield 500 g of glass using industrial grade raw materials: silicon oxide SiO2 (99.9%), boric acid
H3BO3 (56.8 wt%), aluminum oxide Al2O3 (99.9 wt%), calcium carbonate CaCO3 (55.5 wt%) and
magnesium oxide MgO (99.3 wt%). After batches were prepared, small amounts (0.1 wt% of the
total batch) of fining agent SnO2 were added to allow the removal of gas bubbles from the melt.
For each batch, weighted raw materials were first melted in a 300 cc Pt-Rh crucible for 15h at
a temperature of 1500 °C in an electric furnace and stirred one first time using a platinum rod
to improve the homogeneity of the melt. After letting melt overnight (around 15h), the batch
materials were stirred periodically and melted again at Tm + 30 °C for 3h. An approximation
of their glass transition temperature Tg was determined by using the Facstage® and Interglad®

softwares, based on the viscosity calculation of each melt. Melted glasses were poured onto a
carbon plate and placed in an electric furnace to cool slowly. They were annealed at Tg + 30 °C
for 1h and then cooled at 3 °C/min up to room temperature to reduce residual thermal stresses.
All obtained glasses were transparent except the composition 15MgO · 15Al2O3 · 25B2O3 · 45SiO2

which showed a "bluish" transparent color after annealing probably due to phase separation. Each
annealed glass was then cut and processed into several different samples. The glass transition
temperature was precisely determined by a dilatometer (see next section). Finally, samples of the
glasses were heated up in an annealer at 5 °C/min up to Tg + 30 °C, held for 30 min, cooled at 3
°C/min down to Tg - 150 °C and then cooled at 5°C/min down to room temperature to reduce
residual mechanical stresses from post-processing.

TABLE 3.1: Single alkaline earth aluminoborosilicate glass compositions

Glass SiO2 B2O3 Al2O3 CaO MgO
(mol %) (mol %) (mol %) (mol %) (mol %)

CAS1 70 - 15 15 -
CABS2 65 5 15 15 -
CABS3 55 15 15 15 -
CABS4 45 25 15 15 -

MAS1 70 - 15 - 15
MABS2 65 5 15 - 15
MABS3 55 15 15 - 15
MABS4 45 25 15 - 15
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TABLE 3.2: Dual alkaline earth aluminoborosilicate glass compositions.

Glass SiO2 B2O3 Al2O3 CaO MgO
(mol %) (mol %) (mol %) (mol %) (mol %)

CMABS1 65 5 15 12.5 2.5
CMABS2 65 5 15 10 5
CMABS3 65 5 15 7.5 7.5
CMABS4 65 5 15 5 10
CMABS5 65 5 15 2.5 12.5

CMABS6 55 15 15 12.5 2.5
CMABS7 55 15 15 10 5
CMABS8 55 15 15 7.5 7.5
CMABS9 55 15 15 5 10
CMABS10 55 15 15 2.5 12.5

Measurement of glass properties
Thermal properties

The glass transition temperature Tg and coefficient of thermal expansion CTE were estimated
with thermomechanical analysis (TMA) by using a Bruker AXS TD5000SA machine (differential
dilatometer) under He gas flow. The maximum temperature that can be reached is around 900°C
and a heating rate of 3°C/min was applied. Those measurements have been performed by a tech-
nician from NEG company.

Mechanical properties

Mechanical properties were measured. Density was determined using Archimedes’ method
(water displacement) with an uncertainty of ± 0.0002 g/cm3.

FIGURE 3.1: Diagram of the resonance method for measuring (a) the Young’s modulus E and
(b) the shear modulus G.

Young’s modulus (E) and shear modulus (G) were measured by resonance method using the
ASTM standard issued under the fixed designation E1875-08, with 40 × 20 × 2 mm3 samples. A
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Japan Techno-Plus JE-RT3 with Young’s modulus (JR-RT) and Shear Modulus (JG) modules were
used to estimate these two elastic moduli. Each sample has first been gold coated for 2 min. The
diagram of the method is shown in Fig. 3.1 above. The frequency at which the measured intensity
is highest is defined as the resonance frequency f . From this value, we can calculate Young’s
modulus E and shear modulus G from the sample dimensions with the following equations:

E = 0.9465 · M f 2

w
·
(

L
t

)3

·
(

1 + 6.59
(

t
L

)2
)

(3.1)

G = 3.933 · ML f 2

wt
·
(

s + 1/s
4s − 2.52s2 + 0.21s6

)
(3.2)

where L is the length of the sample, t is the thickness, w is the width, M is the weight, and s = t/w.
The bulk modulus (K) and the Poisson ratio (ν) were then calculated using the standard relations
([10]):

K =
EG

(9G − 3E)
(3.3)

ν =
E

2G
− 1 (3.4)

Reduced Young’s modulus Er values were also measured by nanoindentation by extracting
the slope upon unloading [165], as Fig. 3.2 shows:

FIGURE 3.2: Typical nanoindentation mechanical response. The slope of the curve upon un-
loading is indicative of the stiffness and can be used to calculate the reduced Young’s Modulus.

Then Young’s Modulus E is extracted by:

1
Er

=
1 − ν2

i
Ei

+
1 − ν2

E
(3.5)

where νi and Ei are respectively the Poisson ratio and Young’s modulus of the indenter, and ν is
the Poisson ratio of the glass. These values were compared with those obtained by resonance, and
the two methods appear to provide very similar results, as shown in Fig. 4.6 in the appendix 2.
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To determine Vickers hardness, 30 indents were made at 100 gf and a dwelling time of 15 s
with a microhardness tester (MXT50, Matsuzawa Seiki Corp., Japan). Diagonals for each indent
were measured and the Vickers hardness (HV) values were then calculated using the following
equation:

HV =
2 sin ( θ

2 ) · F
D2 =

1.8544 · F
D2 (3.6)

where F is the applied load, θ is the 136° angle between opposite faces of the Vickers tip, and D is
the diagonal length of the indent. The hardness unit is HV (or kgf/mm2). To convert HV to GPa,
we have to multiply by 0.009807.

Some details of the method to measure crack resistance have been given in section 1.2.4.b. In
brief, to estimate the value of crack resistance (CR), the glass sample is indented by a Vickers in-
denter under a controlled atmosphere (25°C and 30% relative humidity) and the corners where
radial cracks appear are counted. The load is gradually increased from 100 gf to 6 kgf and 40
indents were performed for each applied load. The probability of crack initiation (PCI) can be cal-
culated by dividing the total number of radial cracks nRC by the total number of corners ncorners.
Finally, the load at which PCI = 50% is determined as CR ([166]).

Recovery of Indentation Depth

To evaluate densification, we have measured the recovery of indentation depth (RID - [59, 87])
as described in sec. 1.2.3.b. In short, Vickers indentation depths dbe f ore and da f ter are measured
before and after annealing at 0.9 × Tg (K) for 2h and the RID is defined by

RID =
dbe f ore − da f ter

dbe f ore
(3.7)

To assess the indentation deformation mechanism of the glasses, we also measured the recovery
of the indent side length. Like RID measurements, this method involves capturing topographic
pictures of the indent size both before and after thermal treatment at 0.9×Tg for 2 hours (Fig. 3.3).
This process measures how much the side length of the indent cavity contracts upon annealing.
For each specimen, we analyzed 3 indents with a load of 100 gf with a dwell time of 10 seconds

FIGURE 3.3: Laser scanning microscope pictures of indents produced at 100 gf on the surface
of the CABS4 glass compositions before and after annealing at 0.9×Tg for 2 hours.
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and the indentation side length was measured using a laser scanning microscope before (Ls,i) and
after (Ls, f ) annealing. Similar to the recovery of indentation volume as per Yoshida’s method
[59], the densification contribution to the overall indentation deformation is estimated from the
temperature-induced side length recovery (LSR):

LSR =
Ls,i − Ls, f

Ls,i
(3.8)

Plastic flow characterization
Cross-section preparation

Cross-sections of 500 gf and 1 kgf Vickers indents were prepared by using Peter’s method [69]
which has been used later by Hagan [167, 168, 1] and more recently by Gross [94]. This technique
involves indenting across a pre-existing crack introduced into a 25 × 5 × 1 mm3 glass specimen
by performing a line of dozen indentations at 1 kgf. The crack is slowly propagated with a 3-point
bending setup until it reaches 1 mm in length from each side of the indents line. When the load
is released, a part of the crack becomes invisible. Indentations at several loads were then made
along the crack at different positions and each new indent reveals a visible part of the crack, as
illustrated in Fig. 3.4.

FIGURE 3.4: Gradual indentation process along the propagated main crack revealing the latter.
Pictures were taken with a Laser Scanning Microscope.
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The distance between two indents must be at least 100 µm to prevent the stress field of the
previous indent from affecting the indentation pattern of the next one. The two faces of the glass
specimen are finally separated by fully propagating the pre-existing crack with the same 3-point
bending setup.

Laser Scanning Microscope (LSM)

The indentation cross-sections from both sides have been observed at the Nippon Electric Glass
Co.,Ltd. with a VK-X250K/X260K Laser Scanning Microscope from KEYENCE company. The
observation was performed with the highest magnification (X28k) and a single scan mode was
used. Samples were fixed vertically on the holder with double-face tape to observe their edges
where the plastically deformed region of the indentation cross-section is located. Fig. 3.5 gives a
concrete overview of the area observed after separating the two faces.

FIGURE 3.5: Visualization of plastic deformation under an indentation load, showing the cut-
ting plane of the imprint (left) and the plastic flow in the surrounding material (right)

Roughness and spacing measurements

The roughness of the plastically deformed region under indents was determined by using the
multi-line roughness measurement from the MultiFileAnalyzer software (VK-H1XME, KEYENCE).

FIGURE 3.6: Roughness measurement process performed by KEYENCE software. Ra is re-
ferred to as the arithmetic mean roughness.



3.1. Material and methods 77

This function sets multiple measurement lines parallel to an initial line given by the user and cal-
culates the roughness Ra of each line with (see Fig. 3.6)

Ra =
1
lr

∫ lr

0
|Z(x)− Z| dx (3.9)

Similarly, the characteristic length between roughness features was measured from (see Fig. 3.7)

Rsm =
1
m

m

∑
i=1

Xsi (3.10)

Concerning the Rsm value, Xsi is the length of a single profile element. The peaks (valley) will be
treated as noise and considered a part of the preceding valley (peak) if the height (depth) is less
than 10% of the maximum height or the length is less than 1% of the segment length.

FIGURE 3.7: Spacing measurement process performed by KEYENCE software.

Scanning Electron Microscopy (SEM)

The indentation cross-sections on soda-lime silicate glass were observed in ESPCI with a Quat-
tro Environmental Scanning Electron Microscope (ESEM - ThermoFisher®). Observations were
conducted at room temperature and in a low vacuum mode under a 100 Pa atmosphere. This
mode allows the observation of the sample without gold coating.

Finite Element modelling
We have modeled the indentation process by FEA (ABAQUS 2016) to better understand the

distribution of plastic flow and the stress fields in silicates. We used an axisymmetric geometry
and elastic properties used for the indenter and the glass are Eindenter = 1000 GPa, νindenter = 0.07,
Eglass = 72 GPa and νglass = 0.18. the plastic deformation was described by a no-hardening
plasticity with a yield stress σyglass = 6.5 GPa. We applied a load of 1 kgf. A large strain formulation
was used, and the contact was modeled using the penalty method in frictionless conditions. Four-
node fully integrated elements (CAX4) were used for both the indenter and the glass. A high mesh
density was used near the contact area with an average element size of 0.25 µm (Fig. 3.8).
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FIGURE 3.8: FEA solid model used for obtaining the pressure and strain fields as well as fitting
nanoindentation experimental results using cone indenter. The cone indenter semi-angle α is

indicated in the figure.

Even though the pressure-dependant yield criteria has been found effective in predicting the
elastoplastic behavior of silica glass [123], in our case, this constitutive model has not been cal-
ibrated for the investigated glass compositions (sec. 1.2.5.b). For this reason, given the moder-
ate free volume of glasses considered here, we use the Von Mises criterion as a first approxima-
tion [125]. The yield surface is described as

σy =
√

3J2 =

√
1
2
((σ11 − σ22)2 + (σ22 − σ33)2 + (σ33 − σ11)2) + 3σ2

12 (3.11)

where J2 is the second invariant of the deviatoric stress tensor. With this constitutive relation, we
will use the results to derive the material flow stress σy from nanoindentation load-displacement
measurements. In parallel, the flow stress was also determined directly from micro-hardness val-
ues by using a phenomenological model [169, 125] which predicts:

HV

σy
=

ζ1 tan β

(1 − ζ2)
σy
E + ζ3 tan β

(3.12)
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where the constants β and ζ depend on the tip geometry. This relation was derived from FEA cal-
culations using a J2 yield criterion as well. Then it is possible to compare flow stresses determined
by nanoindentation and those determined by micro-indentation.

3.2 Glass properties

3.2.1 Thermal properties

Knowing the glass transition temperature Tg is important for annealing glass samples that have
been cut into the required shape for mechanical or thermal testing but also to measure the RID
according to the specifications by annealing at 0.9×Tg. The results of the glass transition temper-
ature measurements of all glasses are displayed in Fig. 3.9.

a) b)

FIGURE 3.9: Glass transition temperature Tg of (a) single alkaline earth ABS glasses as a func-
tion of B2O3 content and (b) mixed alkaline earth ABS glasses as a function of MgO/CaO

content. Error bars are smaller than the markers’ size.

The left graph (a) shows Tg as a function of boron content (which is substituting silica) in
mol%, comparing single alkaline earth network modifier glasses (CABS and MABS). It reveals
a clear decreasing trend in Tg with increasing boron concentration, where CABS glasses exhibit
slightly higher Tg values than MABS glasses from 0 to 15% of boron. However, at higher than 15%
of boron content, MABS glasses exhibit higher Tg than CABS. The right graph (b) depicts Tg as a
function of magnesium concentration in the mixed calcium-magnesium glasses, for two different
boron concentrations (5% and 15%). This graph indicates that the Tg remains relatively constant
(or decreases slightly in the case of 5% boron) with increasing MgO content. The evolution of the
glass transition temperature in Fig. 3.9.a and Fig. 3.9.b will be further discussed when we consider
the possible atomic rearrangement mechanisms in section 3.5.3.
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3.2.2 Mechanical properties

3.2.2.a Elastic moduli

The measured values of Young’s modulus and Poisson ratios are shown in Fig. 3.10 and also given
in the appendix (Table 4.1).

a) b)

FIGURE 3.10: Young’s Modulus E and Poisson ratio ν of (a) single alkaline earth ABS glasses
and (b) mixed alkaline earth ABS glasses. Error bars are smaller than the markers’ size.

The left graph (a) shows the effect of B2O3 content on both E and ν for CABS and MABS. As
the boron content increases, Young’s Modulus decreases for both CABS and MABS, indicating a
reduction in the stiffness of the material. Meanwhile, the Poisson ratio remains relatively stable,
with CABS showing slightly higher values than MABS across the range of B2O3 concentrations.
On the other hand, the right graph (b) examines the influence of the substitution of calcium by
magnesium on E and ν. Young’s Modulus slightly increases with increasing MgO content. There
is no effect of the substitution of network modifiers on the Poisson ratio.

These experimental results can be compared to the Makishima-Mackenzie model [8, 9] (see
section 1.1.1.b) which predicts Young’s modulus from the atomic packing density and the dissoci-
ation energy. We considered the ionic radius and the dissociation energy of either a 3-coordinated
boron (0.01 Å, and 15.6 kJ/cm3 respectively) or a 4-coordinated boron (0.11 Å, and 82.8 kJ/cm3

respectively) [24, 9]. This comparison is shown in Fig. 3.11. The prediction for Boron III closely
follows the experimental data, while the predictions for Boron IV go in the opposite direction.
Similarly, on the right (b), experimental results are closer to the predictions from 3-coordinated
boron than from 4-coordinated boron although the agreement is not as good. From these compar-
isons, we conclude that boron is predominantly 3-coordinated in the structure of all the glasses
investigated. However, it is possible that the substitution of calcium by magnesium in the case of
5% boron could lead to a change in boron coordination. We will attempt to develop this discussion
in the section 3.5.3.
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a) b)

FIGURE 3.11: Comparison of Young’s modulus obtained experimentally with Makishima-
Makenzie model depending on the boron coordination for (a) single alkaline earth ABS glasses

and (b) mixed alkaline earth ABS glasses.

3.2.2.b Hardness and flow stress

As explained in sec. 1.1.1, Vickers micro-hardness is a technique that allows a first approach to
characterizing the plasticity of silicate glasses.

a) b)

FIGURE 3.12: Vickers hardness HV measured by micro-indentation of (a) single alkaline earth
ABS glasses and (b) mixed alkaline earth ABS glasses. Error bars could be smaller than the

markers’ size.

Fig. 3.12 illustrates the variation in Vickers hardness HV as a function of glass composition for
(a) glasses with a single network modifier, and (b) glasses with mixed network modifiers. The
hardness decreases linearly (a) with increasing boron content for both MABS and CABS glass
compositions. MABS glasses exhibit higher hardness values than CABS glasses across all B2O3
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concentrations. Consequently, it is not surprising that the hardness increases with the substitu-
tion of calcium by MgO in glasses containing two network modifiers (b), regardless of the boron
content. We also note that the evolution is linear.

FIGURE 3.13: An example of nanoindentation experiments fitted with FEA calculations for
CAS1 composition.

These data can be used to estimate the flow stress of the material by using the J2 plasticity
phenomenological model [169, 125] described in section 3.1. Additionally, we can also extract the
flow stress from nanoindentation experiments by fitting experimental and calculated mechanical
responses, as Fig. 3.13 shows. The fit is mainly done with the loading part of the experimental
result. Consequently, this fit shows some discrepancies upon unloading, especially concerning
the residual indentation depth which is overestimated by the FEA calculation. This difference
comes from the Von Mises model which does not perfectly describe the plasticity of our materials.
However, as explained in sec. 1.2.5.a, we think it is a useful approximation.

a) b)

FIGURE 3.14: Flow stresses τc obtained from experimental Vickers hardness by using a J2 plas-
ticity phenomenological model and comparison with flow stresses determined from FEA cal-
culation for (a) single alkaline modifier ABS glasses and (b) mixed alkaline earth ABS glasses.
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The flow stress, in Fig. 3.14 in both single and double network modifiers compositions follows
the same trends as the Vickers hardness and as expected, nanoindentation and micro-indentation
results are generally in agreement. Most interestingly, We also notice that there is a slight differ-
ence for high boron content in CABS and for high magnesium content at all boron content. This
result suggests that these glasses have a different size effect than the others.

3.2.3 Crack resistance measurements

The relationship between CR and compositions is plotted in Fig. 3.15 and the values are given
in Table 4.1 in appendix 2. For CABS (Fig. 3.15.a), B2O3 has a strong impact and the crack resis-
tance increases sharply from 3N to 25N between a boron-free composition and 25% B2O3. When
calcium is replaced by magnesium, the CR is high throughout the range with a very moderate
increase from 27N to 33N, ie for MgO, B2O3 does not affect CR. In the case of compositions
with mixed modifiers (Fig. 3.15.b), with 5% B2O3, the presence of MgO enhances crack resistance.
However, with 15% B2O3, CR is high, the substitution of CaO by MgO has a very limited effect
and the crack resistance remains constant around 30 N, regardless of the amount of magnesium
added. These results suggest that the substitution of silica for boron and the substitution of cal-
cium for magnesium represent two different strengthening mechanisms that we will discuss in
section 3.5.3.
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FIGURE 3.15: Crack resistance CR of (a) single alkaline earth ABS glasses and (b) mixed alka-
line earth ABS glasses. Error bars could be larger or smaller than the marker’s size.
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3.3 Indentation cross-sections and plastic flow characterization

To characterize plastic deformation under Vickers indentation, 0.5 and 1 kgf indentation cross-
sections have been prepared. For visual clarity, only cross-sectional views of the deformation
zones for 1 kgf indents are presented in this section. Similar results were found on the 0.5 kg
indents.

Fig. 3.16 shows an indentation cross-section in soda-lime glass observed under the environ-
mental scanning electron microscope. Significant shear localization appears in this picture.

FIGURE 3.16: Scanning Electron picture of 1 kgf Vickers indentation cross-section in soda-lime
silicate glass. Contrasts from shear bands and cracks are different.

Moreover, optimized environmental and electronic conditions clearly reveal the presence of
both open cracks and shear bands. A crack is surrounded by a white contrast, and a gap is ob-
served, while shear bands exhibit a more subtle and diffuse contrast without any gap in between.

The cross-sections in both series of glasses have been systematically observed at lower reso-
lution by laser scanning microscopy. Fig. 3.17 contrasts low (CAS1 - a top) and high (CABS4 - a
bottom) B2O3 glasses as well as Ca (CAS1 - a top) and Mg (MAS1 - b) glasses. The measured CR
is also given in each graph. One first notable observation in Fig. 3.17.a is that the size of the plas-
tically deformed area below the indentation increases with higher levels of boron content which
is consistent with the trend of the flow stress discussed in section 3.2.2.b. Composition CAS1
without B2O3 exhibits significant shear localization over the full plastically deformed region and
a low crack resistance. When we substitute SiO2 by B2O3 (Fig. 3.17.a), the crack resistance in-
creases almost by a factor of 9, and shear localization has been significantly reduced, especially in
the middle of the plastically deformed region. It is still visible on the edges. Remarkably, when
calcium (CAS1) is substituted by magnesium (MAS1) in a boron-free glass (Fig. 3.17.b), we find
that the shear bands are also less visible, although they are still present in the middle region of the
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plastically deformed zone. In this case, CR has also increased very significantly and is as large as
for the Boron-rich sample.

a) b)

FIGURE 3.17: Cross-sections through 1 kgf Vickers indents in (a) calcio-aluminoborosilicate
glasses and (b) magnesio-aluminosilicate glass.

The same trends are observed throughout the composition range investigated. For example,
Fig. 3.18 shows indentation cross sections for mixed network modifiers glasses. In the magnesium-
free glass with 5% B2O3 (CABS2), significant shear bands are observed over all the plastically
deformed area and the crack resistance is about 900 gf. For a substitution of 10% of calcium by
magnesium (CMABS4), the crack resistance doubles and the center of the plastically deformed
region contains less visible shear bands whereas the same shear patterns appear on the edges
in both cases. A similar morphology is observed when increasing the boron content from 5%
(CABS2) to 15% (CABS3) in the calcium glass and the crack resistances are also very close. Finally,
for an increase from 5% (CMABS4) to 15% (CMABS9) boron in the 10% magnesium glass, the sides
of the plastically deformed region still remain somewhat affected by shear bands but the middle
region gets even smoother and no lateral crack is visible below the plastically deformed area. The
crack resistance increases again, by approximately 1 kgf.

A panel including cross-sections of Vickers indent for all the compositions is presented in
appendix 3. It shows the gradual decrease of the amount of shear bands in the middle of the
plastically deformed region with the increase of boron content (columns) while CR increases. The
same trend is observed for the substitution of CaO by MgO (rows). In all cases, lateral cracks
below the plastically deformed region also gradually vanish with the increase of crack resistance
and the disappearance of significant shear bands over the middle of the plastically deformed area.
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FIGURE 3.18: Cross-sections through 1 kgf Vickers indents in (a) CABS2, (b) CMABS4, (c)
CABS3 and (d) CMABS9 glasses.

Appendix 3 also contains two other cross-section panels for indents made with either a conical
tip of 140°-angle or a spherical tip with a radius of 50 µm both at 1 kgf. The conical tip cross-section
panel exhibits the same trend as the Vickers tip panel even though the progressive vanishing
of the shear localizations overall occurs over the entire plastically deformed region (middle +
edges), compared to the Vickers tip panel described previously. Also, intriguingly, lateral cracks
appear for all compositions. On the other hand, in the case of the spherical tip at 1 kgf, no shear
bands are observed in the plastically deformed region regardless of the glass composition. As
explained in section 1.2.3.f, the spherical tip involves less shear than the Vickers or conical tip, and
from the cross sections, it seems not to produce shear bands synonymous with localized plastic
deformation. It is important to remember that the crack resistance CR is defined by the indentation
of the glass by a Vickers tip (146°-angle, so close to the cone tip angle at 140°). Therefore, the
comparison between the characterization of the plastic deformation of a spherical indentation
cross-section and the crack resistance remains debatable. In the rest of the section, we will only
consider the cross sections of the Vickers indentations.

To better connect our results with the existing literature, we have made cross-sections on some
of the glass compositions previously studied by Kato et al. (see section 1.2.4.b). These cross-
sections are shown in Fig. 3.19. The crack resistance values are their values and have not been
measured again for the present work. The ABS glass (Fig. 3.19.a) does not show any shear lo-
calization within the plastically deformed area and exhibits a homogeneous plastic strain. Note
however, that this glass is more sensitive to cracking (1200 gf)) than a 25% B2O3 glass (CABS4 for
instance - 2500 gf) whose plastically deformed region does not show any shear pattern as well.
On the other hand, soda-lime silicate glass (Fig. 3.19.b) and lead silicate glass (Fig. 3.19.c) exhibit
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significant shear localization over all their plastically deformed regions and have also very low
crack resistances. Clearly, this series of experiments confirms the trend inferred from our series of
glasses.

FIGURE 3.19: Cross-sections through 1 kgf Vickers indents in (a) aluminoborosilicate, (b) soda-
lime silicate and (c) lead silicate glasses.

3.4 Roughness measurements of the plastically deformed region

We have highlighted a correlation between the presence of shear bands and low crack resistance
through the observation of indentation cross-sections. For a more quantitative approach, we have
characterized the morphology of the surface of the cross-sections.

SEM images of the cross section of a 1 kgf Vickers indentation on soda lime silicate are shown
in Fig. 3.20. The low magnification view (Fig. 3.20.a) reveals the overall deformation pattern,
including shear (or slip) bands and cracks. Fig. 3.20.b is a high magnification view taken with a
35° tilt of the center of the plastically deformed region (area highlighted by the red box in (a)).
The shear bands clearly appear as a succession of steps, with distinct step heights and distinct
pitch between steps, creating a staircase pattern, with two networks of steps crossing at an angle.
Through roughness measurements, we expect to obtain a direct quantification of the step features.
However, the density of shear localization and their size cannot be completely dissociated by
a simple measurement of the amplitude of the roughness. Indeed, one could imagine that an
indentation cross-section of strongly sheared bands with low density displays the same roughness
as a cross-section with a high density of weakly-sheared bands. The stronger and more localized
the shear deformation, the higher and the more widely spaced the steps. We therefore need to
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measure both the amplitude of the roughness, which must reflect the relative displacement along
the shear bands, and some characteristic distance in the roughness reflecting the typical distance
between bands.

FIGURE 3.20: (a) Scanning Electron picture of 1kgf Vickers indentation cross-section in soda-
lime silicate glass and (b) magnified picture on shear bands from the cross-section. The sample

has been tilted to 35° to observe shear bands from the bottom.

We have measured the roughness in rectangular areas within the plastic deformation zone
(Fig. 3.21). Within this area, the roughness measurement is conducted vertically (perpendicular
to the direction of the shear bands) on the cross-section using 60 height profiles (which is the
maximum number of profiles allowed by the software), and the average value is then calculated.
To avoid skewing the roughness value, it is essential to ensure that the height profiles do not
intersect a crack and in particular a lateral crack. Fig. 3.16 showed that the middle of the plastically
deformed region does not contain cracks. Thus, in this region, the roughness measurements were
conducted in the central part of the plastically deformed zone where we can characterize only
the size of the shear bands without interference from potential cracks in the plastically deformed
region.

FIGURE 3.21: Diagram of an indentation cross-section. The plastically deformed region is
divided into three regions: edges (1) and middle (2). The roughness is measured in the middle

region.
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Fig. 3.22 shows crack resistance CR as a function of the amplitude of the roughness Ra from
cross-sections of both 500 gf or 1 kgf Vickers indents. The measured roughness increases from 5
to 20 nm as the crack resistance decreases from 30 to 1 N. Note that the ca 5 nm lower bound is
due to the instrument resolution limit. Fig. 3.22.b also displays a sub-graph that considers the
self-similarity of the indenter geometry. By multiplying the 500 gf roughness data by 1.2 (close
to

√
2) we obtain a good overlapping of the 1 kgf data and the 500 gf data. Despite a few stray

points, there is a good correlation, with a roughly bi-linear shape. This correlation shows that
a more crack-resistant glass will exhibit a lower roughness over the center of the plastically de-
formed region because it undergoes less shear localization. Concerning glass compositions that
present more significant shear bands, the roughness will be higher at higher load, as Fig. 3.22.a
shows with lead silicate glass for instance. Indeed, when a notable shear band is initiated within
the plastically deformed region, its size can be enlarged by increasing the displacement (therefore
the load). Consequently, the roughness will increase and the trend is clearer at 1 kgf than at 500
gf. Additionally, appendix 4 also shows the correlation between CR and Ra for conical and spher-
ical indentation cross-sections. We obtain the same trend for the cone but no specific correlation
between CR and Ra for the sphere, with the notable exception of the very brittle LS.

a) b)

FIGURE 3.22: Relationship between crack resistance (CR) and roughness (Ra) for Vickers in-
dentation cross-sections at (a) 1 kgf and (b) 500 gf including some compositions (black mark-
ers) from Kato et al. [87]. The sub-graph in (b) is plotted in log-lin and includes raw data from
1 kgf and data from 500 gf rescaled by 1.2. From self-similarity of the indenter geometry, we
expect a rescaling by

√
2 = 1.41.... The vertical dashed line is determined as the bulk rough-

ness.

Crack resistance CR plotted as a function of the average spacing RSm between bands is pre-
sented in Fig. 3.23. Similar to the amplitude, we observe that the greater the spacing between
the shear bands, the lower the crack resistance of the glass. Here again, as the profiles shown
in Fig. 3.23 exemplify, the spacing measurement is overestimated at lower values. For example,
for MABS3, the algorithm converges towards RSm = 0.5 µm while visual inspection suggests the
correct value should be less than 100 nm. This comes from the measurement limits of the LSM
which considers as noise (below the 10% threshold mentioned in section 3.1) the variations in
height due to the relatively homogeneous and very poorly localized shear deformation for highly
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crack-resistance glass compositions. In this case, the better resolution of atomic force microscopy
should be used to characterize the roughness.

FIGURE 3.23: (Left) Crack resistance as a function of the average spacing between shear bands
from Vickers indentation cross-sections at 1kgf for all glass compositions. (Right) Height pro-
files plotted vertically along the middle of the plastically deformed region for CAS1 glass (in

red, low crack resistance) and MABS3 glass (in blue, high crack resistance).

For a given amount of shear, if the density of shear bands is lower, the slip in each band must
be more intense. With these results, we can assert that, for the glass compositions investigated
in this study, a glass with low crack resistance will exhibit a shear pattern consisting of large-slip
shear bands in low density. For a high crack resistance, the cross-sections reveal a high density of
smaller-slip shear bands, eventually leading to a generally homogeneous deformation throughout
the plastically deformed region for most crack-resistant glass compositions.

3.5 Understanding what rules indentation cracking

Following currently accepted ideas, people have tried to establish correlations between crack re-
sistance and parameters that are somehow linked to densification, namely RID and Poisson ratio
(section 1.2.3). No correlation has been proposed with shear flow, which is the other main mech-
anism of plastic deformation under indentation in silicate glasses. In this section, we will first
discuss our results in relation to the standard approach, focusing on densification, and then try to
work out a connection with shear flow. Subsequently, we will examine our results in terms of glass
composition, material structure, and plastic deformation mechanisms (shear band formations), in
connection with the thermal (Tg) and the mechanical properties (E, HV).

3.5.1 Impact of the volumetric change on crack resistance

On the series of glasses already mentioned, Kato et al. [89] found a strong positive correlation
between CR and RID, which suggests that densification contributes to crack resistance. As pre-
sented in section 1.2.4.b, it was concluded that densification limits residual stresses and thus in-
dentation cracking. We also measured RID for our glasses (Table 4.1). Some of the results are
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shown as a bar chart in Fig. 3.24.a, for different materials (LS, SLS, ABS, CABS, CMABS, MABS):
they evidence an opposite trend where the crack resistance increases roughly ten times while
the RID decreases mildly. When we plot the results for all glass compositions in a single graph
(Fig. 3.25) as a function of RID (or alternatively lateral recovery LSR), we no longer find the corre-
lation between CR and RID which was apparent in a subset (Fig. 1.21.b).

a) b)

FIGURE 3.24: (a) The recovery of indentation depth for different silicate glasses compositions
and (b) correlation between RID and Poisson ratio including some (LS, SLS, ABS) from Kato
et al [89] and from Barlet et al. [170]. Arrows show how crack resistance increases with com-

positions.

We also measured RID for different tip geometries, a conical tip with an angle of 140° and a
50 µm radius spherical tip (appendix 5). Fig. 4.13 shows that recovery from Vickers and conical
indentation are equivalent, regardless of the amount of boron or the type of modifier. When spher-
ical indentation is considered, the respective recovery reaches between 60% and 80% depending
on the boron content and network modifiers. In fact, spherical indentation induces a more hydro-
static stress state compared to Vickers or conical indentation (sec. 1.2.3.f) and favors densification,
which leads to more recovered volume after thermal annealing. Alternatively, we propose that
spherical indentation offers a more effective approach for assessing the recovery of the volume
densified under indentation than Vickers, Berkovich, or conical tip which involve more shear
flow than spherical indentation.

Yoshida and Rouxel pointed out a correlation between densification under indentation and
Poisson ratio [59, 97]. To test how the Poisson ratio is related to the volumetric change in the ma-
terial (see section 1.2.3.d), we have plotted the recovery of indentation depth RID (or the volume
recovery of indentation VR) as a function of Poisson ratio and we have included the results of two
others works [89, 170] in the same plot. Fig. 3.24.b shows that the volume recovery VR slightly
decreases with increasing Poisson ratio. Our data are completely consistent with the results of
Barlet et al. [170] for an amount of boron between approximately 15 to 25% but with higher con-
centrations of network modifiers. It suggests that VR is indeed related to the ratio SiO2/B2O3 in
borosilicate glasses and that the higher the amount of B2O3, the higher Poisson ratio. However,
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the variation we measured between VR and ν is moderate compared to the data shown by Sellapan
et al. [118] or Yoshida et al. [59].

a) b)

FIGURE 3.25: (a) Relationship between crack resistance (CR) and the recovery of indentation
depth (RID) including some compositions (black markers) from Kato et al. [89] and (b) corre-

lation between crack resistance (CR) and indentation side recovery LSR.

Altogether, our results challenge the commonly accepted idea that RID is a key parameter to
understand CR. Firstly, RID is a very complex material parameter. Indeed even though the activa-
tion energy associated with the volume recovery after densification is assumed to be less than the
energy required for shear flow, it is debatable that thermal annealing solely enables the recovery of
the volume deformed by densification without any recovery from shear flow. Furthermore, there
is no guarantee that after 2 hours of heat treatment, all the densified volume will have returned
to a non-densified state. Therefore, the exact meaning of RID in terms of material properties is

FIGURE 3.26: Measurements of the densification of CABS glass composition (CAS1, CABS2,
CABS3 and CABS4) under 25 GPa carried out with Diamond Anvill Cell (DAC, see section

1.2.3.a).
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difficult to assess. Secondly, there is certainly a relation between RID and densification, but, as
already suggested, it is far from clear that densification is the primary parameter to understand
CR.

In fact, measurements of the maximum densification under 25 GPa were performed by NEG
company. The results are shown in Fig. 3.26. The saturation densification is approximately 10%
for all compositions even though the crack resistance increases almost by a factor of 9 between
0% and 25% boron (Fig. 3.15.a). This result also casts doubts on the relevance of densification to
explain the variation in crack resistance across the full composition range.

3.5.2 Shear localizations and cracking susceptibility

3.5.2.a Shear bands formations

At a mesoscopic scale, shear bands are localized regions of intense plastic deformation that often
form in materials under high stress [171]. The formation of shear bands is closely associated
with the phenomenon of strain softening, where the material, after reaching the yield stress (aka
flow stress) τc, begins to soften rather than continuing to harden as plastic flow progresses. This
behavior is illustrated in Fig. 3.27, where the stress initially increases elastically with strain up to
the flow stress, after which the stress decreases, indicating the onset of softening. As the material
deforms plastically, it can reach a critical state where further deformation leads to a decrease in the
material’s ability to withstand stress, resulting in the softening seen in the stress-strain curve. This
softening destabilizes the uniform distribution of strain, causing it to localize into narrow regions

FIGURE 3.27: Stress-Strain curve illustrating the onset of shear band formation due to strain
softening. ϵe and ϵp are respectively the elastic deformations and the plastic deformation.
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or shear bands. These bands act as channels through which further deformation is concentrated,
leading to rapid and possibly catastrophic failure in some materials. The local reduction in flow
stress within these bands allows for easier deformation, exacerbating the localization. This process
can be influenced by various factors, including material composition, strain rate, temperature, and
the presence of microstructural defects, which can all affect the onset and propagation of shear
bands. Under indentation, shear bands typically form beneath the indenter, where the material
experiences a combination of high compressive and shear stresses. As the indenter penetrates
the material, the stress state evolves, and once the material reaches the flow stress and begins to
soften, shear bands may initiate.

In the current study, all indents made with Vickers tip showed normal cracking behavior
(sec. 1.2.4.a), with well-defined subsurface lateral cracks and median or radial cracks propagat-
ing along the corners of the indent [112]. Fig. 3.17, 3.18, and 3.19 allow direct observations of these
lateral cracks for the less crack-resistant compositions. Moreover, deformation occurs primarily
by volume displacing shear since significant shear localizations are observed, but we do not no-
tice any shear pattern for high crack-resistant glass compositions at this magnification. However,
Gross has also investigated CABS4 at a higher magnification than we did in our study, and he
showed that this glass composition exhibits a very high density of very thin shear bands over the
middle of the plastically deformed region [94]. Clearly, a high density of shear bands does not
necessarily mean low crack resistance since the crack resistance of the CABS4 glass is one of the
highest in our batch compositions (2500 gf). As we pointed out with the roughness measurement,
it is the morphology of the shear band (slip amplitude, spacing) that matters. Large ’steps’ with
wide spacing are characteristic of low crack-resistance glass in our study. For instance, CABS1
(Fig. 3.17.a) or SLS glasses (Fig. 3.19.b) exhibit a low density of large-slip shear bands and a crack
resistance below 300 gf. In the LS glass case, the crack resistance is ten times lower than CABS1
(30 gf) and its indentation cross-section displays an even lower density of larger-slip shear bands.
Due to the self-similarity of the geometry, the crack resistance is correlated to the slip amplitude
of the shear bands and their density within the plastically deformed area. The higher density of
small-slip shear bands causes less heterogeneous displacements along with shear and enhances
the crack resistance. Conversely, a low crack resistance is correlated to a strong deformation het-
erogeneity causing a strong localization in shear with large-slip shear bands.

It can also be observed, especially in Fig. 3.20, that the shear bands intersect over the middle of
the plastically deformed region. It might be reasonable to consider that these intersections locally
weaken the material, making these sites favorable for crack initiation under the stress fields gen-
erated during the unloading of the indentation, which will be discussed in the following section.
Furthermore, Hagan [1] has also pointed out that some short cracks form at the intersection point
of flow lines within the plastically deformed area, probably helping to break up the material. Sim-
ilarly, in polymer science, it has been shown that intersections of coarse slip bands in polystyrene
lead to craze formation and damage the material [172].

Finally, it is useful to reconsider the special case of silica in the context of shear bands. No lo-
calization can be observed when considering the cross-sectional view of 1 kgf Vickers indentation
in fused silica [117, 173]. By using the two-point bending method, Tang et al.[174] highlighted that
the failure stress of fused silica can be between 1.5 and 2 times higher than the failure stress of



3.5. Understanding what rules indentation cracking 95

normal glasses depending on experimental conditions. Indeed, Gross and Tomozawa [92] have
proposed a method to test the crack resistance of silica under dry nitrogen to avoid stress corrosion
due to water. With these testing conditions, they proved that radial crack-free Vickers indentations
at 1 kgf are possible. The cracking susceptibility of silica is mostly dependent on the experimental
atmosphere (section 1.1.3.a). Consequently, silica should be at least as crack-resistant as ABS in
Fig. 3.19.a which also does not display any heterogeneous shear flow over the plastically deformed
region of its indentation cross-section.

3.5.2.b Crack initiation

Residual stress fields in materials post-indentation are critical in understanding crack initiation
and propagation. A crucial aspect of these stress fields is the strong tensile stress that develops
beneath the plastically deformed zone [125] (sec. 1.2.4.a). This tensile stress arises as the elastic
half-space, previously compressed by the indenter, attempts to return to its original shape but is
restrained by the plastically deformed core. The tensile stress is particularly pronounced directly
under the area of maximum deformation, where it can reach levels high enough to initiate cracks.
This tensile residual stress field, which appears right at the end of the unloading leg, is a key
factor in initiating cracks [116]. It creates conditions where existing micro-defects or flaws within
the material are prone to propagate, leading to crack initiation and growth. In silicate glasses,
as we discussed, these flaws could indeed originate from the intersection of shear bands at the
bottom of the plastically deformed zone, damaging the material. Additionally, a larger slip in a
shear band implies more damage and consequently a more locally weakened material which can
eventually initiate crack at lower load.

FIGURE 3.28: (a) Maximal principal stress field and (b) orthoradial stress field post-indentation
using FEA model from section 3.1.
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To better understand these residual stress fields after complete unloading, we conducted finite
element simulations whose details are given in material and methods (see section 3.1). Fig. 3.28
(a) shows the first (maximum) principal stress field. The color gradient ranges from red, indicat-
ing areas of tensile maximum principal stress, to blue, showing regions of compressive maximum
principal stress. In the center part of the plastically deformed core, there is a significant zone
of compression, marked by a "blue core," surrounded by regions where the material experiences
tensile stresses. In interpreting these stress fields, it is important to note that cracks will primar-
ily propagate in regions where the maximum principal stress is in tension, excluding the highly
compressed "blue core" beneath the indenter. Thus, the area of the material (the middle of the plas-
tically deformed region) where the roughness has been measured corresponds to this compressed
core, ensuring an accurate roughness measurement without interference from cracks.

The second and third principal stress components are crucial in understanding the propaga-
tion of indentation cracks, as they define planes normal to the maximum principal stress so that
isovalue plots give a qualitative view of the crack trajectories (more precisely, one should calculate
the stress trajectories: see refs. [175, 176] for the case of spherical indentation and cone cracks).

Fig. 3.28 (b) presents the orthoradial stress field (S33 - orthoradial stress), which turns out to
be mostly the second principal stress component (not shown). The blue to orange areas indicate
compression, the red lines indicating tension. Since S33 is mostly the second (mid) principal stress,
the crack trajectories in the plane are suggested by the isovalues of the minimum principal stress.

FIGURE 3.29: Comparison between (a) FEA simulation of minimum principal stress field and
(b) conical indentation cross-section in CMABS1 glass at 1 kgf. The isostress lines are compared

to the positions of the cracks on the cross-section.

Fig. 3.29 compares the calculated minimum principal stress field (left) with a cross-sectional
view of a typical conical indentation in CMABS1 glass at 1 kgf (right). The left image shows
isostress lines with blue representing compressive stresses and red representing tensile stresses.
The right image displays cracks formed in the glass, revealing that the crack paths align with
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the trajectories suggested by the FEA. Similarly, isostress lines in Fig. 3.29.a can predict the posi-
tion of the lateral cracks and the cracks located on the sides of the plastically deformed region in
Fig.3.29.b.

FIGURE 3.30: (a) Laser scanning microscope picture of 1 kgf Vickers indentation cross-section
in CABS3 glass with radial/median crack appearing as interferences due to the laser reflec-
tions and (b) height diagram of a spherical indentation. All radian/median cracks, in both
cases, seem to start from the lateral crack nucleating below the plastically deformed region

and propagate up to the surface.

Finally, Fig. 3.30 presents two pictures taken with the laser scanning microscope, showcasing
different aspects of crack formation and surface deformation due to indentation in CABS3 glass.
On the left, The picture clearly shows radial and median cracks, highlighted by red lines, originat-
ing from the lateral cracks at the bottom of the plastically deformed region, and extending toward
the glass surface. On the right, the height mode of the spherical indentation cross-section picture
allows us to visualize the topography of the surface and beyond the surface, directly into the glass.
It reveals a detailed view of the formed and extended radial/median cracks under indentation.
Furthermore, we can assume that the lateral cracks observed in the material are likely the primary
"driving force" behind the initiation of median cracks that propagate to the surface. These median
cracks tend to emerge at points of tensile stress concentration (Fig. 3.28.b), and more specifically
around the corners, concerning Vickers indentation. In these corners, residual stress concentra-
tions are most pronounced, promoting the propagation of radial cracks toward these corners. The
lateral cracks, forming below the plastically deformed region, act as the starting points for these
radial cracks, which eventually reach the surface of the material. However, Cook and Pharr [116]
have shown that the lateral cracks initiate after the radial or median cracks upon unloading which
is the opposite chronology compared with our description. We assume that the pre-existing crack
from the cross-section process affects the cracking chronology since we are not indenting in the
bulk but on the pre-existing crack. It would be useful to visualize the crack formation process
during indentation on a pre-existing crack to reach a more reliable description.
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3.5.3 Composition dependence of local rearrangements and crack resistance

In this last section, we discuss more deeply the effect of composition on mechanical and thermal
properties but also how it affects the shear flow. We first emphasize the impact of boron and then
we will deal with the influence of the substitution of CaO by MgO.

Impact of Boron

Fig. 3.9 showed that the glass transition temperature decreases with increasing boron content
because of the changes in the glass network structure and the decrease of overall connectivity
within the glass matrix. Silica, when it forms a glass, creates a highly connected network of tetra-
hedral SiO4 units. This results in a more rigid structure, which requires high thermal energy to
transition from a glassy to a liquid state, thus a higher Tg. When boron oxide is introduced into
the glass network, it initially integrates into the structure as a trigonal BO3 unit. This integra-
tion reduces the overall connectivity and rigidity of the network because BO3 units have a lower
coordination number than the SiO4 tetrahedra [177]. As more boron replaces silica, the network
becomes increasingly less rigid and more flexible, reducing the thermal energy required for the
glass transition, hence lowering Tg. This phenomenon is supported by the topological constraint
theory [178], which suggests that the number of constraints in a glass network determines its
rigidity. When silica is substituted by boron, the number of constraints decreases, leading to a
decrease in Tg.

Concerning mechanical properties, the observation that substituting SiO2 by B2O3 in glass in-
creases the atomic packing density (see Table 4.2) while it also decreases Young’s modulus and hard-
ness (section 3.2.2) might seem counterintuitive at first sight since higher atomic packing density
leads to a reduced free volume, and a more interconnected network structure which should con-
tribute to greater resistance to deformation. However, the bond dissociation energy has also to be
considered. Indeed, Table 4.3 shows that the dissociation energy of Si-O bonds in a SiO2 network
is four times higher than the dissociation energy of B-O in the B2O3 network (particularly in the
BO3 trigonal units). It means that in the Makishima-Mackenzie model [8] (see section 1.1.1.b), the
modulus is primarily directed by the dissociation energy rather than the atomic packing density,
at least in the case of our glasses. These weaker B-O bonds result in a more flexible and less stiff
glass.

Finally, the substitution of silica by boron has a significant impact on the formation of shear
bands. One hypothesis is that the trigonal BO3 units may have a greater ability to rearrange and
adapt around the looser ionic environments (Ca+ or Mg+) (see sec. 1.2.3.e) compared to the more
rigid and geometrically constrained tetrahedral SiO4 units. This increased flexibility could allow
the glass network to accommodate local stresses more evenly, which might prevent the nucle-
ation of shear bands. The lower dissociation energy associated with B-O bonds, compared to
Si-O bonds, may contribute to a glass network that deforms more gradually and homogeneously.
Further support by spectroscopic studies (Raman spectroscopy or NMR) or detailed simulations
(Molecular Dynamics) would be needed to understand the exact mechanisms at play.
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Impact of network modifiers

The substitution of CaO by MgO does not significantly affect the glass transition temperature
(Fig. 3.9.b) or Young’s modulus (Fig. 3.10.b). However, the Vickers hardness increases with in-
creasing MgO content (Fig. 3.12.b). Table 4.2 shows that the atomic packing density is higher for
glass compositions with higher magnesium content. Moreover, the dissociation energy of Mg is
also higher than that of Ca. The combination of denser atomic packing, stronger Mg-O bonds, and
a more rigid network structure might collectively lead to a significant increase in the hardness of
the glass when calcium is replaced by magnesium.

More generally, the type of modifiers greatly affects shear band formation (Fig. )3.19). Lead
silicate glass (Pb) and soda-lime silicate glass (Na) display significant visible shear localizations.
In comparison, calcium-aluminoborosilicate glasses (Ca) show fewer visible shear bands over the
plastically deformed region and magnesium-aluminoborosilicate glasses (Mg) display even less
or none at all. This evolution correlates with the field strength FS (section 1.1.2.b) of the modifier
which depends on the ion size (ionic radius). Table 1.2 gives FSMg > FSCa > FSPb > FSNa. It
means that nucleation of large-slip shear bands is promoted by a large ion modifier with low
field strength. The incorporation of larger ions into the glass network creates free volume within
the glass where more ionic bonding and the loss of network connectivity let atoms move more
easily. Under stress, these regions are more likely to experience localized plastic rearrangements,
which can lead to the formation of shear bands. Moreover, the distribution of modifier cations
within the structure is not necessarily uniform. Certain regions may have a higher concentration
of these ions, leading to the formation of ion-rich clusters [179]. These clusters probably promote
shear localization. Finally, the structure of glasses with a large concentration of modifiers, such as
LS glass or SLS glass, contains non-bridging oxygens NBO. As discussed in section 1.2.3.e, some
papers propose that modifiers in the glass network serve as initiation sites for shear deformation,
under stress, due to weaker ionic bonds from NBO [180, 181]. The formation of a shear band might
be due to the response of these more weakly bonded zones under indentation stress [104]. Once
again, these assumptions would have to be confirmed by a deeper experimental characterization
of the glass structure and by numerical simulations to model the structural rearrangements under
mechanical testing.
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Conclusion

In this chapter, we have explored the underlying mechanisms of indentation cracking in alkaline-
earth aluminoborosilicate glasses by investigating indentation-induced densification and plastic
shear flow, as well as the influence of different glass compositions on these mechanisms. A com-
prehensive set of characterizations was also performed to obtain a better understanding of the
effect of composition on thermal and mechanical properties.

The most significant contribution of this work is the systematic observation of the plastic zone
generated by indentation, which involves performing cross-sections of indentations. This ap-
proach allowed us to directly characterize shear bands and the plastically deformed zone, provid-
ing clear evidence of the strong impact of composition on the extent of shear flow. Moreover, we
have proposed a method to quantitatively evaluate the characteristics of the shear bands through
roughness measurements in the central part of the plastically deformed area. These measurements
were correlated with the crack resistance of each glass, demonstrating a clear relationship between
shear flow and crack resistance. In contrast, indentation-induced densification was also explored,
but the correlation we found with crack resistance proved to be much less convincing than the
shear bands, and at any rate, does not align with the trends postulated in the literature.

Finite element simulations provided additional insight into the initiation and propagation of
cracks, highlighting the importance of residual stress fields in these processes. The simulations
revealed a region of compressive maximum principal stress in the middle of the plastically de-
formed zone surrounded by a shell of tensile maximum principal stress. The calculated stress
field matches the observed indentation features very well and can predict the path and shape
of radial/median cracks. From the minimum principal stress component, we determine that the
observed crack patterns at the periphery of the plastic core, which qualitatively aligns with the
isostress, appear at the very end of unloading. Finally, the compressive core is the part less af-
fected by cracking, as expected: this observation justifies the area selected for the roughness mea-
surements.

Finally, through the analysis of the dissociation energies and the atomic packing densities, we
have attempted to interpret the effects of glass composition on the observed trends in plastic-
ity mechanisms. However, more in-depth experimental characterizations and simulations of the
structure will be required to validate the proposed hypotheses and refine our atomic-scale under-
standing of the plastic deformation mechanism, shear band formation and damage in borosilicate
glasses.
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Conclusions and general outlooks

This work aimed at providing more understanding of plasticity in borosilicate glasses in relation
to their fracture properties and more precisely their crack resistance. Due to the limited array of
experimental tools available to study the plasticity of brittle amorphous materials, two microme-
chanical techniques were chosen and glass composition was used as a key variable. The systems
we selected were thought as representative for generic silicate glasses and the conclusions on the
relation between composition, structure, viscoplasticity, shear band formation and crack initiation
should generalize to other compositions as well.

Main results and future improvements

We have first carried out an extensive study of the viscoplasticity of silicate glasses under
electron irradiation. Earlier experiments had shown that irradiation can promote plastic flow by
lowering the yield stress, even below 1 GPa, a phenomenon analogous to the effect of tempera-
ture [134]. We have been able to significantly extend this analogy using stress relaxation measure-
ments. From the extensive amount of stress vs strain rate data generated by this new approach, we
have demonstrated that the yield stress dependence upon plastic strain rate obeys a time-current
density superposition similar to the time-temperature equivalence in polymers. The application
of Eyring’s model [149] and comparison with internal friction experiments [158] have highlighted
the existence of two different relaxation regimes depending on glass composition: one regime
governed by the network-forming matrix and another by the mobility of ionic modifiers. These
results have directly demonstrated that it is the network modifiers which control the short-time
dynamics in the plastic response of normal silicate glasses.

Indentation cross-sections were made on an extensive series of borosilicate glasses. They have
allowed for direct observation of the plastically deformed zone. We have found that the plastic
deformation was characterized by the presence of shear localizations, or shear bands, which were
more or less intense depending on the glass composition, and accompanied by more or less ex-
tensive cracking, particularly at the periphery of the plastically deformed region. To quantify the
morphology of the shear bands in the cross-sectional area, roughness measurements were used
to characterize the slip amplitude and the spacing between shear bands. The results obtained
showed a direct correlation between the characteristics of the shear bands and the crack resistance
of glasses. For the least resistant glasses, large-slip shear bands with a significant spacing between
them were observed, with roughness amplitudes reaching up to 25 nm. For high crack resistance
glasses, the shear band morphologies were below the detection limit of the profilometer. In con-
trast, densification, which is thought as a key parameter for crack resistance [87], did not show
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as clear a correlation as shear flow. In our systems, we found a trend that is opposite to previ-
ous studies: the thermal recovery of the indented volume decreases as glasses exhibit better crack
resistance.

With the cross-section technique, we also found direct evidence of the major role played by the
glass composition in the formation of shear bands. The size of the ion network modifiers appears
to be a key parameter. It was found that silicate glasses containing network modifiers with large
ionic radii and low field strength FS show intense localization while for modifiers with small ionic
radii, and therefore high FS (section 1.1.2.b), the glasses exhibit relatively homogeneous shear flow
without particularly pronounced localizations throughout the plastically deformed zone. The
same phenomenon is observed when the matrix is modified, particularly when silica is substituted
by 25% boron. Large shear bands likely damage the material locally, especially at the intersections
of shear bands in the middle of the plastically deformed region.

These observations are consistent with the stress field predicted by FEA modelling. Besides
the radial cracks, which allow crack resistance to be measured, we have shown that the observed
crack pattern mostly agrees with the isostress lines of the minimum principal stress found after
unloading, which suggest they formed with the lateral crack. All these results provide a consistent
picture of the links between glass composition, shear band formation, and crack resistance.

Optimizations and long-term perspectives

The results of this thesis provide additional insights into the question: how can glass be made
as resistant as possible to cracking? Several optimizations emerge from this research. Optimizing
glass composition appears to be a direct practical application. By adapting the chosen network for-
mers and modifiers, it could be possible to develop glasses with mechanical properties tailored to
specific applications. For example, borosilicate glasses incorporating network modifiers with high
field strength, such as magnesium, could be developed for uses requiring better crack resistance.
Experimentally, it would be useful to more precisely measure the characteristic lengths discussed
in section 3.4. The use of AFM could notably allow for precise characterization of the size and
spacing of thin shear bands present in the plastically deformed zone of the most crack-resistant
glass indentation cross-sections.

Regarding the irradiation studies, this thesis first reminds us that in situ SEM or TEM tests are
subject to irradiation, which can alter the material behavior. It is therefore imperative to ensure
that the acceleration voltage and electron current density are relatively low to avoid significantly
impacting the mechanical response. From a practical perspective, one could consider using irradi-
ation, leveraging the time-irradiation equivalence developed in this work, as a means to perform
tests equivalent to an extremely slow strain rate without having to wait several days for a single
experiment, by applying a sufficiently high electron current density. Finally, these irradiation-
induced relaxation tests should be applied to a broader range of glass compositions, including sil-
icate glasses with very few network modifiers, or conversely, a large amount of network modifiers
(like LS glass), to observe their effect on the two relaxation regimes mentioned in this research.
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The long-term perspectives of this project also include the further development of finite el-
ement simulations or molecular dynamics simulations to model the different types of shear lo-
calization discussed in this manuscript (low density of large shear bands or high density of thin
shear bands), which implies confirming and/or improving the constitutive relations used. To do
this, new experiments, such as Brillouin spectroscopy [128] or chemical dissolution [90], must
be developed to better understand the contribution of densification under indentation and that
of plastic shear flow. During this project, we also used the birefringence [182, 183] to assess the
stress fields under indentation by measuring the retardation and the rotation of the light passing
through the glass and we compared those fields with indentation-induced photoelastic patterns
calculated from Kermouche’s constitutive relation [123].

Finally, the use of glassy polymers such as polystyrene could also help in understanding shear
localization mechanisms [184, 172, 185]. In polymers, these mechanisms are a thousand times
larger than in glasses, making them easier to observe and characterize. Thus, polymers offer a
unique opportunity to study these phenomena on a more accessible scale, providing valuable
insights that could be applied to the study of inorganic glasses.
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1 Appendix: Time - Irradiation superposition

Pillar compression experiments were performed on SLS and ABS glass using the same experimen-
tal parameters as given in section 2.1 for silica. The resulting relaxation curves are shown in Figs.
4.1 and 4.3. The corresponding stress-plastic strain rate curves are given in Figs. 4.2 and 4.4

FIGURE 4.1: ABS glass pillars compression under e-beam irradiation. (a) Relaxation curves
and (b) rescaling by shift factor SJ . The highest current density condition is the reference.

a) b)

FIGURE 4.2: ABS glass pillars compression under e-beam irradiation. (a) Stress - Plastic strain
rate curves and (b) rescaling by shift factor SJ to get the ABS master curve. The highest current

density condition is the reference.
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FIGURE 4.3: ABS glass pillars compression under e-beam irradiation. (a) Relaxation curves
and (b) rescaling by shift factor SJ . The highest current density condition is the reference.

a) b)

FIGURE 4.4: SLS glass pillars compression under e-beam irradiation. (a) Stress - Plastic strain
rate curves and (b) rescaling by shift factor SJ to get the SLS master curve. The highest current

density condition is the reference.
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2 Appendix: CMABS glass properties

CTE measurements have been carried out for all the glass compositions (method described in
section 3.1) and results are displayed in Fig. 4.5.

a) b)

FIGURE 4.5: Coefficient of thermal expansion of (a) single alkaline earth ABS glasses and (b)
mixed alkaline earth ABS glasses. Error bars are smaller than the markers’ size.

Fig. 4.6 shows the comparison between Young’s modulus values measured by nanoindenta-
tion and those measured by resonance method (see section 3.1).

a) b)

FIGURE 4.6: Comparison between Young’s modulus measured by nanoindentation and res-
onance method for (a) single alkaline earth ABS glasses and (b) mixed alkaline earth ABS

glasses. Error bars are smaller than the markers’ size.
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TABLE 4.1: Density (ρ), Glass transition temperature (Tg), Young’s modulus (E), Shear modu-
lus (G), Bulk modulus (K), Poisson’s ratio (ν), Vickers hardness (HV), Yield stress (σy), Crack
resistance (CR) and Recovery of indentation depth (RID) of single and mixed alkaline earth

ABS glasses.

Glass ρ Tg E G K ν HV σy CR RID
(g/cm3) (°C) (GPa) (GPa) (GPa) (GPa) (GPa) (N) (%)

CAS1 2.52 870 85.1 35.1 49.6 0.21 7.1 3.5 3 30
CABS2 2.49 803 81.0 33.3 47.7 0.22 6.6 3.4 9 33
CABS3 2.45 719 74.4 30.1 46.9 0.24 6.1 3.1 23 29
CABS4 2.42 667 70.4 28.1 47.0 0.25 5.8 2.7 25 26

MAS1 2.48 829 92.0 37.8 54.2 0.22 7.8 3.8 27 30
MABS2 2.46 776 88.8 36.4 52.8 0.22 7.7 3.7 28 26
MABS3 2.41 725 80.4 32.7 49.5 0.23 7.0 3.3 29 25
MABS4 2.37 687 73.6 29.8 46.3 0.24 6.5 3.1 33 27

CMABS1 2.49 792 83.0 34.0 49.4 0.22 6.8 3.5 7 31
CMABS2 2.48 788 84.3 34.5 50.1 0.22 6.9 3.6 8 29
CMABS3 2.47 780 85.6 35.1 50.7 0.22 7.2 3.6 16 30
CMABS4 2.47 780 86.3 35.4 51.2 0.22 7.3 3.7 21 28
CMABS5 2.46 778 88.1 36.1 52.4 0.22 7.6 3.7 29 28

CMABS6 2.44 717 76.1 30.9 47.6 0.23 6.2 3.2 30 29
CMABS7 2.44 717 77.3 31.4 47.8 0.23 6.3 3.2 31 29
CMABS8 2.43 717 78.3 31.8 48.5 0.23 6.4 3.2 32 26
CMABS9 2.42 716 79.5 32.3 49.3 0.23 6.7 3.3 32 27
CMABS10 2.42 716 80.5 32.7 49.9 0.23 6.9 3.3 32 27

Experimental uncertainties are as follows: ρ: ±0.01 g/cm3; Tg: ±2 °C; E, K and G: ±0.1 GPa; ν:
±0.01; Hv: ±0.1 GPa; σy: ±0.1 GPa; CR: ±1 N; RID: ±1 %

TABLE 4.2: Atomic packing density Vt values calculated from equation 1.3 for single and dou-
ble modifier glass compositions

Glass CAS1 CABS2 CABS3 CABS4 MAS1 MABS2 MABS3 MABS4

Vt 0.547 0.552 0.560 0.569 0.550 0.555 0.562 0.569

Glass CMABS1 CMABS2 CMABS3 CMABS4 CMABS5

Vt 0.552 0.552 0.553 0.553 0.554

Glass CMABS6 CMABS7 CMABS8 CMABS9 CMABS10

Vt 0.559 0.559 0.560 0.561 0.561
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TABLE 4.3: Dissociation Energy (Gi) of oxides used in this work taken from [9].

Oxide Oxygen Coordination Number (CN) Gi (kJ/cm3)

Network formers
SiO2 (4) 68.0
B2O3 (3) 15.6

Intermediate oxides
Al2O3 (4) 131.0
MgO 90.0

Network modifiers
CaO 64.1

3 Appendix: Full mapping of indentation cross-sections

Vickers indentations

FIGURE 4.7: Full mapping of 1 kgf Vickers indentation cross-sections. Silica is gradually sub-
stituted by boron from top to bottom and calcium is gradually substituted by magnesium from

left to right.
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Conical indentations

FIGURE 4.8: Full mapping of 1 kgf conical indentation cross-sections. Silica is gradually sub-
stituted by boron from top to bottom and calcium is gradually substituted by magnesium from

left to right.

FIGURE 4.9: Cross-sections through 1 kgf conical indents in (a) calcio-aluminoborosilicate
glass with 5% B2O3 (CABS2) and (b) magnesio-aluminosilicate glass with 15% B2O3 (MABS3).
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Spherical indentations

FIGURE 4.10: Full mapping of 1 kgf spherical indentation cross-sections. Silica is gradually
substituted by boron from top to bottom and calcium is gradually substituted by magnesium

from left to right.

FIGURE 4.11: Cross-sections through 1 kgf spherical indents in (a) calcio-magnesio-
aluminoborosilicate glass with 5% B2O3 and 2.5% MgO (CMABS1) and (b) magnesio-

aluminosilicate glass with 15% B2O3 (MABS3).
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4 Appendix: Roughness measurements of indentation cross-sections

Roughness measurements were performed from conical and spherical cross-sections using the
same experimental parameters as given in section 3.1 and the correlation with the crack resistance
is given in Fig. 4.12.

a) b)

FIGURE 4.12: Relationship between crack resistance (CR) and roughness (Ra) for (a) conical
indentation cross-sections and (b) spherical indentation cross-section at 1 kgf including some
compositions (black markers) from Kato et al. [87]. The vertical dashed line is determined as

the bulk roughness.



128 Chapter 4. Appendices

5 Appendix: Characterization of the densification ability by thermal
recovery measurements

Volume recovery measurements were performed on all the glass compositions and results were
used to plot the correlation between the crack resistance and the volume recovery in section 3.5.1
using the same experimental parameters as given in section 3.1.

a) b)

FIGURE 4.13: Recovery of indentation depth RID for several tip geometries of (a) single alka-
line earth ABS glasses and (b) mixed alkaline earth ABS glasses. Error bars could be smaller

than the markers’ size.

a) b)

FIGURE 4.14: Indentation side recovery LSR of (a) single alkaline earth ABS glasses and (b)
mixed alkaline earth ABS glasses. Error bars could be smaller than the markers’ size.
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Résumé : 

Comprendre les mécanismes de rupture des verres est d’une importance cruciale en raison des vastes 

applications industrielles de ces matériaux et du rôle crucial de leurs propriétés mécaniques pour leurs 

performances et leur durabilité. Dans ce travail, des expériences originales ont permis d'explorer la 

réponse élastoplastique de verres aluminoborosilicatés jusqu'à la fissuration, sur de larges gammes de 

composition. Elles montrent que l’écoulement plastique localisé sous forme de bandes de cisaillement 

est fortement impacté par, d'une part, des modificateurs de réseau alcalino-terreux, et d'autre part un 

second formateur de réseau, le bore. Dans les deux cas nous trouvons une corrélation marquée entre le 

mode de formation de bandes de cisaillement et la résistance à l'initiation de fissures, ce qui nous 

permet de proposer un paradigme nouveau pour comprendre la fragilité des verres silicatés. Par 

ailleurs, il est bien connu que l’irradiation électronique est capable de catalyser les réarrangements 

structuraux sous contrainte, entraînant une nette diminution de la limite d’élasticité. Grâce à une 

procédure originale de superposition temps-irradiation, nos expériences ont exploré de façon fine le 

comportement viscoplastique de trois silicates, à température ambiante et sur une gamme de temps 

caractéristiques de déformation allant jusqu'à environ 1 siècle. Nous avons ainsi mis en évidence une 

évolution simple de la viscoplasticité du réseau tandis que l'ajout des modificateurs conduit à une 

saturation à haute vitesse.  Ce comportement a été analysé par des modèles classiques de relaxation 

qui permettent d'en discuter les mécanismes. Ces travaux contribuent à la compréhension des processus 

de plasticité dans les verres et ouvrent la voie à des stratégies d'optimisation de leurs propriétés 

mécaniques, notamment en concevant des compositions spécifiques pour renforcer leur résistance dans 

des environnements industriels exigeants ou soumis à des conditions sévères. 

Mots clés : Verres silicatés, Localisations en cisaillement, Fissuration sous indentation, 

Micromécaniques, Irradiation électronique, Relaxation 

 

Abstract: 

Understanding the fracture mechanisms of glass is of crucial importance due to the wide range of 

industrial applications of these materials and the critical role of their mechanical properties in their 

performance and durability. In this work, original experiments were conducted to explore the 

elastoplastic response of aluminoborosilicate glasses up to cracking, across a broad range of 

compositions. The results demonstrate that localized plastic flow in the form of shear bands is 

significantly influenced by, on one hand, alkali-earth network modifiers, and on the other hand, by a 

second network former, boron. In both cases, we found a strong correlation between the mode of shear 

band formation and the resistance to crack initiation, allowing us to propose a new paradigm for 

understanding the brittleness of silicate glasses. Moreover, it is well-known that electron irradiation 

can catalyze structural rearrangements under stress, leading to a significant reduction in the yield 

strength. Through an original time-irradiation superposition procedure, our experiments finely 

explored the viscoplastic behavior of three silicates at room temperature and over a range of 

characteristic deformation times extending up to about a century. We identified a simple evolution of 

network viscoplasticity, while the addition of modifiers led to a saturation at high strain rates. This 

behavior was analyzed using classical relaxation models, allowing us to discuss the underlying 

mechanisms. This work contributes to the understanding of plasticity processes in glass and paves the 

way for strategies to optimize their mechanical properties, particularly by designing specific 

compositions to enhance their resistance in demanding industrial environments or under severe 

conditions. 

Keywords: Silicate glasses, Shear localizations, Indentation cracking, Micro-mechanics, Electron 

irradiation, Relaxation 
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