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Abstract

Glass is an increasingly important material in construction, frequently employed as a load-
bearing component. Surface processing and practical handling have been found to result in
the formation of small defects in form of micro cracks on the glass surface. It is essential to
understand the manner in which these defects are influenced by their environment, given
their impact on the strength of the glass. A range of phenomena, including crack healing
effects and subcritical crack propagation in humid environments, and possible explanations

for them, are reported in literature.

In this study, Time-of-Flight Secondary Ton Mass Spectrometry (ToF-SIMS) is utilized
for the first time as an analytical technique to analyze cracks in soda-lime-silicate glass
that were stored in a humid environment (heavy water vapor and deionized water vapor).
The selection of this technique was made on the basis that it allows the acquisition of depth
profiles and elemental maps while also providing the capability to detect hydrogen. Cracks
were initiated by Vickers indentation tests (radial cracks) for the purpose of identifying the
elemental distribution at and around the cracks on the glass surface. FIB cut experiments
were also made to enable the acquisition of elemental distributions at an in-depth level.
Given that the phenomena observed during crack propagation in a humid environment are
largely determined by the processes taking place at the crack tip, further experiments were
conducted in which cracks were created using a glass cutter. The cross-section of these

cracks, including the crack tip, was then analyzed.

The obtained data demonstrate an increased hydrogen/deuterium signal, not only in the
cracks near the surface, but also throughout the entire crack, extending to the crack tip.
On the one hand, this finding is consistent with the fundamental assumption underlying
all proposed theories in literature of crack propagation in a humid environment, namely
the presence of water at the crack tip. On the other hand, the results show that water
tends to accumulate in the cracks rather than on the rest of the surface, resulting in a local
increase in humidity. However, the underlying reasons for this phenomena, in addition
to the processes occurring between the crack tip and the water, could not be determined

through the measurements and experiments conducted in this study.
As this study constitutes the first investigation of cracks in glass using ToF-SIMS, the

problems and challenges encountered during the experiments and measurements were also

discussed. This is intended to provide a basis for future research on this topic.

I1I
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Kurzfassung

Glas nimmt im Bauwesen eine zunechmend bedeutende Rolle ein und wird vermehrt auch als
tragendes Bauteil eingesetzt. Es hat sich jedoch gezeigt, dass sich sowohl bei Prozessen der
Oberflichenbearbeitung, als auch im Rahmen der praktischen Handhabung, kleine Defekte
in Form von Mikrorissen ausbilden konnen. Angesichts ihres erheblichen Einflusses auf die
Festigkeit von Glas, ist es von grofser Bedeutung, die Wechselwirkungen dieser Defekte mit
ihrer Umgebung genau zu verstehen. In der Literatur wurde bereits iiber eine Vielzahl
solcher Phénomene, wie zum Beispiel Rissheilungseffekte und subkritisches Risswachstum
in feuchter Umgebung berichtet. Auch mogliche Erklarungsversuche und Theorien dazu

finden sich in der Literatur.

In dieser Arbeit wurde zum ersten Mal die Flugzeit-Sekundéarionen-Massenspektrometrie
(ToF-SIMS) als analytisches Verfahren verwendet, um Risse in Kalk-Natron-Silikatglas,
die in feuchter Umgebung (Dampf von schwerem Wasser und Dampf von deionisiertem
Wasser) gelagert wurden, zu analysieren. Dieses Verfahren wurde gewéhlt, da damit nicht
nur Tiefenprofile und Elementverteilungen bestimmt werden konnen, das Detektieren von
Wasserstoff ist mit dieser Methode ebenfalls moglich. Die Risse wurden durch Vickers-
Indentationstests (Radialrisse) erzeugt, um die Elementverteilung an und um die Risse auf
der Glasoberflache zu bestimmen. Zusétzlich wurden FIB-Krater auf den Rissen generiert,
um die Risse auch in der Tiefe analysieren zu kénnen. Da die bei der Rissausbreitung
in feuchter Umgebung beobachteten Phanomene weitgehend von den an der Rissspitze
ablaufenden Prozessen bestimmt werden, wurden weitere Experimente durchgefiihrt, bei
denen Risse mit einem Glasschneider erzeugt wurden. Der Querschnitt dieser Risse, ein-

schlieflich der Rissspitze, wurden dann analysiert.

Die durchgefithrten Messungen und Daten zeigen ein erhohtes Wasserstoff/Deuterium-
Signal nicht nur in den Rissen im oberflichennahen Bereich, sondern im gesamten Riss
bis hin zur Rissspitze. Zum einen steht dieses Ergebins im Einklang mit der Voraus-
setzung, die allen vorgeschlagenen Theorien zur Rissausbreitung in feuchter Umgebung
zu Grunde liegt, ndmlich dem Vorhandensein von Wasser an der Rissspitze. Zum anderen
zeigen die Ergebnisse, dass sich Wasser bevorzugt in den Rissen im Gegensatz zur restlichen
Oberfliche sammelt, was eine lokale Erhohung der Feuchtigkeit zur Folge hat. Der Grund
dafiir, sowie die Prozesse, die zwischen der Rissspitze und dem Wasser stattfinden, kon-
nten jedoch nicht mit den in dieser Arbeit durchgefiihrten Messungen und Experimenten

bestimmt werden.

Da diese Arbeit die ersten Untersuchungen von Rissen in Glas mittels ToF-SIMS darstellt,

IV
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wurden auch die wiahrend der Experimente und Messungen auftretenden Probleme und
Herausforderungen diskutiert. Dies soll eine Hilfestellung fiir zukiinftige Arbeiten auf

diesem Gebiet bieten.
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1 Introduction

Construction glass in the form of window glass has been known since the 17th century and
its manufacturing process has been continuously developed since then . The most recent
major achievement in flat glass production was the invention of the float glass process, in
which molten glass floats on a bath of molten tin, producing a flat glass ribbon of uniform
thickness . The economic efficiency of the production method and the excellent
quality of the glass, in terms of flatness, continuity of thickness and because there are
barely any air or material inclusions, the float glass process is the most commonly used

method for manufacturing flat glass |1].

However, due to mechanical impact, the glass surface is damaged during the manufac-
turing of the float glass. Surface processing and practical handling can also lead to small
defects in form of micro cracks on the surface . These micro cracks on the surface
determine the strength of the glass . As glass is becoming an increasingly important
construction material and is often used as a load-bearing component , it is crucial to
understand how environmental factors affect surface defects. Different studies have demon-
strated that the crack growth behavior is significantly impacted by the water content of
the surrounding air. On the one hand, it has been reported that cracks undergo a healing
like process when exposed to humid air . However, the presence of water molecules can
also cause accelerated crack growth when the material is under load |]§[|

A range of potential explanations have been postulated to account for these observed
phenomena, including stress-corrosion cracking, crack tip blunting and structural relax-
ation processes [7]. Nevertheless, the true cause has not yet been identified and the topic

remains the subject of debate in literature.

1.1 Purpose and objectives

The purpose of this thesis is to investigate the influence of water on cracks in glass by
means of identifying the elemental species present at and around crack surfaces. Since the
measurements are conducted on glass cracks that have been stored under load-free condi-
tions in a humid environment, the results may provide insight into the processes occurring
during the storage period. Furthermore, they may enable conclusions to be drawn regard-

ing processes involved in the crack propagation in humid environments.

The three primary water-glass interaction processes - hydration, hydrolysis and ion-
exchange reactions - that can occur in glass cracks are dependent on the presence of water.

Consequently, an analysis technique that is capable of detecting hydrogen appears to be
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a rational approach. This thesis provides insights into glass cracks using Time-of-Flight
Secondary Ion Mass Spectrometry (ToF-SIMS). The technique was chosen because it allows
the acquisition of depth profiles and elemental maps while also providing the capability
to detect hydrogen. Measurements were performed using the ToF-SIMS® and M6 Plus
instruments (ION-TOF GmbH, Miinster, Germany). The M6 Plus (FFG project number:
902876) is also equipped with a Focused Ion Beam (FIB), which was used for this thesis.

With regard to the samples, the investigations in this thesis were primarily focused on
soda-lime-silicate glass produced by the float glass process, since this is the most widely
used type of construction glass . The use of quartz glass samples served solely to perform
a final check.
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2 Theoretical Background

2.1 Model of the glass structure

Although glass appears homogeneous and isotropic on a macroscopic level, its internal
structure is highly complex. At room temperature, glass molecules form an irregular three-
dimensional structure, a so called amorphous state. shows the difference between

a crystalline and an amorphous SiOs-network. The formation of a crystalline state is

(a) (b)

Figure 2.1: Scheme of a crystalline (a) and an amorphous (b) SiOs-network (reprinted from

[4)).

typically observed when liquids are cooled below their melting points, as this configuration
is energetically preferable to the liquid state. However, if a liquid is cooled too rapidly,
its molecules do not have enough time to arrange themselves into a crystal lattice. This
unstable state is known as an undercooled liquid. In case the liquid has a high viscosity, the
formation of a non-crystalline amorphous solid takes place. In principle, any material has
the potential to exhibit this behavior, though this is technically challenging to achieve due
to the fast cooling rate necessary. Nevertheless, the SiOs-network is one example where
this phenomenon is observed, even in cases of relatively slow cooling rates.

In the majority of common glasses, the primary constituent is SiO;. In pure silica
glass, each silicon atom is bonded to four oxygen atoms in a tetrahedral arrangement.
These tetrahedra are linked together through shared oxygen atoms, forming a continuous
three-dimensional network. It is standard practice to introduce additional elements to
the network. In practical glass production, substances such as sodium oxide (NayO) or
calcium oxide (CaQ) are added to modify the properties, including melting temperature
of the glass, hardness and chemical durability .
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2.2 Theoretical and practical failure stress of glass

In the context of glass failure stress, only tensile stress needs to be taken into account, as
the compressive strength of glass is considerably grater and therefore irrelevant for typical
applications in the construction industry . The theoretical failure stress can be calculated
using [Equation 1], where E is the Young’s modulus, 7 the fracture surface energy and ry is
the equilibrium spacing of the atoms.
Ly
%=\ (1)
This formula is based on the idea, that the failure stress is determined by the strength
of the atomic bonds between the individual atoms . The value for a SiOs-network has
been calculated to be o, ~ 14.0 GPa |]§[| Previous measurements focused on the inert
failure stress of silicate and sodium silicate glass fibers with virtually no surface defects
under liquid nitrogen . The results are in good agreement with the theoretical value.
Nevertheless, glass is damaged by mechanical effects during subsequent surface treatment
and in practical use. The notch effect causes stress peaks at the crack base under tensile
stress. Therefore, the practical failure stress for unprotected glass is considerably lower
under typical environmental conditions and is significantly influenced by submicroscopic,
microscopic and macroscopic surface defects [4].
Due to the linear-elastic, brittle material behavior of glass, linear fracture mechanics can
be used to describe the material behavior . In the case of a plate with an elliptical defect

of width 2¢, under the action of a uniformly distributed tensile stress o,, the stress o, in

the area of maximum curvature r can be calculated using [Equation 2 . The geometry
is shown in [Figure 2.2,
c
Or = 2044/ — 2
=20 )

can be used to calculate the fracture stress oy = 0, at which the theoretical
tensile stress o; = o, is reached and the material undergoes failure.

O¢ T

or=31/7 (3)
The defect size is therefore strongly linked to the strength of the glass.

In another concept, which also describes fracture behavior due to cracks, the condition
of the crack tip is described by stress intensity factors Ky, K and K IH. The roman
numbers correspond to the three possible failure modes shown in [Figure 2.3] In the context
of glass subjected to bending stress, transverse (Mode II) and longitudinal shear (Mode
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Figure 2.2: Crack geometry in a body.
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Figure 2.3: Mode I: symmetrical separation orthogonal to the crack surfaces due to tensile
stress; Mode II: asymmetrical separation in the crack plane due to longitudinal
shear; Mode III: asymmetric separation in the crack plane due to transverse
shear (reprinted from [4]).

III) are considered to play a minor role in the fracture processes and only Mode I stress
is typically taken into account. If the stress intensity factor at the tip exceeds a material-
specific critical value K7, also called the fracture toughness, the material fails. The stress
intensity factor K; in the absence of chemically reactive environmental conditions can
be calculated using [Equation 4] where Y is the geometry factor that takes into account
different crack geometries |13].

K[ = O'aY\/% (4)

This theory can be used to describe the reduction in strength caused by a single, defined
surface defect. However, a major problem with glass remains that the depth, shape and

number of surface defects cannot be quantified with sufficient certainty [4].



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

2.3 Water-glass interaction

As we intend to examine the impact of water on cracks in glass at a later stage, it is
helpful to first understand the interaction between aqueous solutions and a glass surface.
There are three main interactions that can occur [14]: (1) hydration; (2) hydrolysis; and
(3) ion-exchange reactions. It should be noted that, in complex glasses, all three possible
interactions may take place simultaneously. These can influence each other’s kinetics and

mechanisms.

2.3.1 Hydration

Hydration is characterized by the penetration of the glass surface by water molecules acting
as an intact solvent. The water molecules diffuse into the glass through void space between
oxygen atoms in the structure. The rate is therefore determined primarily by the size of
voids within the silicate network. Modifier cations, such as Na", in complex glasses may
occupy or partially block these voids, thus reducing the rate. If the ring structures of the
glass network are smaller than the kinetic diameter of the water molecule, the molecules

can not penetrate the network unless the rings are broken open by e.g. hydrolysis.

2.3.2 Hydrolysis

Water can also penetrate a glass surface via the hydrolysis mechanism. This chemical
reaction breaks the Si—O —Si network bonds by exchange with a couple of hydroxyl groups
according to the scheme in[Equation 5 This attack eventually breaks the bonds completely,

converting the solid glass into soluble molecules (glass dissolution).
Si—0—5i+ Hy,O == Si—0OH + HO—5i (5)

Although this reaction is chemically reversible (condensation), from a structural stand-
point, the process is never completely reversible. Instead of returning to its original state,
the glass surface undergoes a total restructuring through a process called repolymeriza-
tion. This different, porous surface structure alters the long-term corrosion behaviour of

the material significantly.

2.3.3 lon-exchange reactions

The process of ion-exchange reactions (also called leaching) involves the replacement of
modifier cations (such as Na") from the glass network by protons (H") or hydronium ions
(H30™) from the water in a thin layer at the surface of the glass . The rate and extent of
this process are found to be highly pH-dependent. It has been demonstrated that solutions
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with low pH (high H" concentration) enhance the exchange process, while those with high
pH have the opposite effect.

The ion-exchange reaction shows a self-inhibiting behaviour. During the exchange pro-
cess, the glass releases Na® and consumes H', which increases the solution’s pH. This

change in chemistry can retard further exchange and promote network dissolution instead.

As previously stated, all three mechanisms exhibit a strong influence on one another in
complex glasses. Hydrolysis, for example, facilitates hydration and ion exchange by open-
ing up the network. Conversely, ion exchange facilitates hydration by creating voids. It can
thus be concluded that the size of the exchanged cation has a significant influence on the
hydration process. For instance, larger cations, such as potassium (K ') create larger voids,
resulting in greater openings for water diffusion. Lastly, ion exchange has been shown to
accelerate hydrolysis due to the pH shift that occurs. The rate of hydrolysis increases with
higher pH values.

2.4 Crack propagation

The fracture toughness described in [subsection 2.2]is not sufficient to describe the fracture

behavior of glass under normal environmental conditions. Over a century ago, it was
observed, that the strength of glass depended on the length of time a load was applied
. Due to an interaction between mechanical and chemical processes at the crack tip,
slow crack propagation occurs even at stress intensities below /.. This leads to a delayed
failure, also known as static fatigue. In addition to this effect, it has also been observed
that glass with a defined defect exhibits increased strength after being stored without stress
in various liquids . This phenomenon is referred to as crack healing.

Typically, a v(K)-diagram is used to illustrate the crack propagation .
provides a v(K)-diagram for soda-lime-silicate glass at a relative humidity of 100 % and is
used to discuss the four characteristic regions of crack propagation in glass and ceramics.

The following description is based on [4] and [7]. The discussion about possible mechanisms

and explanations for the observed phenomena follows in [subsection 2.5|

2.4.1 Region 0: Crack arrest and healing

In this region, no measurable crack growth occurs at sufficiently low stress intensities [19].
The corresponding threshold is referred to as the stress crack limit or fatigue limit K. As
demonstrated by a number of experiments (e.g. [17], and [21]), crack healing effects
can be observed below a certain stress intensity. However, in the case of soda-lime silicate

glass, although the crack propagation halts at K, no healing effects can be measured down
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Figure 2.4: Characteristic v(K)-diagram of soda-lime-silicate glass at a relative humidity
of 100 % (reprinted from [4]).

to a lower value K.. Furthermore, when the load is reapplied, crack propagation does not
start again at K but at a lower load K . This repropagation threshold has been found
to increase between K, and K as a function of the time spent in its environment .

Another crack healing phenomena appears when soda-lime silicate glass is stored in water
and loaded at a stress intensity factor K4 below the fatigue limit K for a specific aging
time £ 4 . After the aging period, the load is abruptly increased to a value K, above the
fatigue limit. Instead of immediately reaching the expected high velocity for K, the crack
remains almost stationary or moves at a very slow rate for a period known as the delay
time tg. This delay time increases with aging time and shows a maximum when K4 = K.

Further investigations have also shown, that the crack healing is affected by the relative

humidity .

2.4.2 Region I: Subcritical crack propagation

Region I shows a strong linear correlation (in logarithmic representation) between crack
propagation velocity and stress intensity. Crack propagation occurs even at stress intensi-

ties that are lower than the fracture toughness K;.. Various hypotheses have been proposed
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in literature to explain this phenomenon (see [subsection 2.5)). The crack growth velocity

also shows a dependency on humidity in moist air (see [Figure 2.5)) and temperature (see

[Figure 2.6)). [Equation 6 can be employed to describe these dependencies in Region I [18].

AE, —bK

of = A (PHOym RT (6)

Po
A, m, AFE,, and b are glass composition specific parameters that can be fitted using exper-
imental data. pg,o is the partial atmospheric vapour pressure, py is the total atmospheric

pressure and R is the gas constant.
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2.4.3 Region ll: Critical crack propagation

In region II the v(K') curve remains constant, indicating that it does not depend on K.
However, the influence of humidity on the shape of the curve must be considered (see
Figure 2.5)). Firstly, the plateau undergoes a reduction in size in response to increasing

humidity. Secondly, the plateau value for propagation increases with increased humidity.
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2.4.4 Region lll: Unstable crack propagation

The crack propagation velocity in region III increases rapidly with increasing stress inten-
sity. Special measurement techniques must be employed to measure such high velocities.
The curve is essentially independent of corrosive environmental influences, which means
that all curves for different humidity and temperature values basically correspond to those

for inert environments.

2.5 Theories on the interaction between cracks in glass and their

environment

This chapter presents a number of possible processes that could contribute to phenomena
such as crack healing and crack propagation below the fracture toughness in a humid
environment. The actual cause is probably a combination of several processes and is still
the subject of scientific debate today. The chapter is based on a review |7| and should not
be considered a summary of all theories mentioned in literature, but rather an overview of

some of them.

2.5.1 Breaking and recombination of siloxane bonds

As previously stated, a threshold behaviour (fatigue limit) occurs in Region 0, where no fur-
ther measurable crack growth is observed. One possible approach to describe this threshold
is to consider the reaction rate theory . The two opposing reactions of braking and
recombination of the siloxane bonds (Si—O-Si) are in equilibrium when the fatigue limit
is reached. Consequently, this theory includes the phenomena of backward propagation
or crack healing as resulting from the recombination of siloxane bonds for K values be-

neath the threshold. However, it can not describe the hysteresis-like behaviour and the

phenomena of delay time (see [subsubsection 2.4.1)), both of which indicate that the crack

propagation and healing are based on two distinct mechanisms.

2.5.2 Stress-corrosion cracking

The most widely accepted theory to explain the breaking of siloxane bonds in glass cracks

beneath the fracture toughness is stress-corrosion cracking. It is based on a hydrolysis

reaction (see [subsubsection 2.3.2) facilitated by mechanical stress and can essentially be
divided into three steps |]§|]:

Step 1: Adsorption

Water molecules from the environment diffuse through the crack opening to the mechani-

10
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Figure 2.7: Stress-corrosion cracking in glass: two-dimensional representation of the molec-
ular reaction mechanism between water and silicate glass (reprinted from )

cally strained crack tip (see. Due to the dipole nature of the HoO molecule, one
hydrogen atom is oriented toward the bridging oxygen, while the oxygen atom is oriented
toward the silicon atom of the glass network. As a result of van der Waals interactions,
the H,O molecule becomes adsorbed at a Si—O bond site at the crack tip (see[Figure 2.7h).

Step 2: Reaction

The adsorbed hydrogen atom of the H,O molecule forms a strong hydrogen bond with the
bridging oxygen atom, while the oxygen atom of the water molecule forms an ionic bond
with the silicon atom (see ) During this process, a proton is transferred from
the hydrogen atom to the bridging oxygen atom, accompanied by a simultaneous electron
transfer from the oxygen atom of the HoO molecule to the silicon atom. As a result, two
hydrogen-bonded silanol (Si—OH) groups are formed. At this stage, the original Si—O

bond is no longer intact.

Step 3: Separation
Finally, complete separation occurs through the breaking of the remaining hydrogen bond
in the glass network (see [Figure 2.7¢). This leads to the formation of two glass surfaces,
each terminated with a surface silanol group. Since the hydrogen bond within the water
molecule has already been significantly weakened in Step 2, this final step follows immedi-
ately after Step 2 [4].

It should be emphasized that, as stated in various publications (e.g. and ), the hy-

drolysis reaction is a stress-enhanced mechanism. This means, that the chemical reaction

11
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rate at the crack tip increases as the stress on the crack tip bond rises. The stress-corrosion
theory, expressed through provides an excellent mathematical description of
crack kinetics in region I and captures the dependencies on humidity, temperature and me-
chanical load. However, the theory assumes that the crack tip is always atomically sharp
and that the reaction takes place exclusively at the crack tip itself (no process zone). Both

assumptions have sparked debate among experts (e.g. [28], and [30]).

2.5.3 Formation of hydrogen bonds

The mechanism of crack healing in silicate glasses can be explained by the formation of
hydrogen bonds |20] and thus differs from the theory described in|subsubsection 2.5.1] which

assumes the reformation of siloxane bonds. Instead, the process involves the formation of

linkages between surfaces that have been exposed to moisture, providing an attractive force
that pulls the crack walls together. In the context of crack propagation within a moist

environment, the initial siloxane bonds (Si—O-Si) are broken through stress-enhanced

hydrolysis (see [subsubsection 2.5.2)). This results in surfaces covered with silanol groups

(Si—OH). Furthermore, at a humidity level of 50 % or above, more than a monolayer of
water covers all silica surfaces exposed to the surrounding air [31].
If the external load is subsequently reduced well below the fatigue limit K, the crack

does not heal immediately. Crack healing is only observed when the stress intensity drops

below a lower value K. (see [subsubsection 2.4.1)). At this point, the surfaces in the crack

come into close contact and adhere to each other via hydrogen bonding interactions. The
hydrogen bonding appears either between the silanol groups or water molecules on the
surface.

The advantage of the theory of crack healing via hydrogen bonding lies in the ability to
describe the hysteresis-like behaviour in region 0 and the effect of humidity on the healing
effect. However, it is evident that hydrogen bonding cannot be the sole healing mechanism
that occurs as the reopening of healed cracks in soda-lime silica glass require more energy

than can be explained by hydrogen bonding.

2.5.4 lon exchange at the crack tip

It is evident that the crack propagation is significantly influenced by the glass composition
and the corrosive medium in which the glass is stored . Consequently, it is highly

likely that one of the underlying mechanisms for crack propagation is associated with ion

exchange at the crack tip. The process described in [subsubsection 2.3.3] in which modifier

cations, such as Na', are replaced by protons or hydronium ions from the surrounding
water, can also occur at the crack tip. This can result in a number of effects that modify

the crack propagation. Experiments have shown that when soda-lime-silicate glass is stored

12
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in water, sodium ions are mainly replaced by hydronium ions [15]. Due to the size difference
of the exchanged ions, the exchange results in the formation of high compressive stresses
[32] and therefore acting against the external tensile stress intensity K.

Meanwhile, the leached layer shows a heavily altered composition and structure and is
more similar to a hydrated silica glass than to the initial glass. With prolonged leaching,
recondensation reactions drive further restructuring of the glass network, forming a porous
silica-like phase . This alteration in composition and structure could also influence the

crack propagation.

2.5.5 Crack tip blunting

Another alternative theory on the crack healing effect is based on a geometrically alteration
of the crack tip, which leads to a temporary increase of the glass strength . Because glass
solubility is influenced by the local curvature [34], conditions of very low external stress
favor faster dissolution along the crack walls than at the tip. As a result, the tip gradually
loses its sharpness and becomes increasingly rounded. In addition, within a tightly confined
space, differences in solubility can induce material transport. Glass dissolves from the crack
flanks and reprecipitates at the tip, thereby accelerating the blunting process.

Experiments in which such a crack tip blunting was observed support this theory, as
do experiments which examined the dependency of the chemical durability and the rate
of strength increase. The lower the chemical durability the higher the rate of strength
increase [35]. However, other papers (e.g. [29]) challenge the findings in [28], claiming
that the crack tip blunting was an experimental artefact and that the strength increase is

caused by a progressive relaxation of residual contact stresses.

2.5.6 Structural relaxation

The structural relaxation theory serves as a major alternative to the classic stress-corrosion
theory. Instead of viewing crack growth purely as the sequential breaking of individual
chemical bonds at a atomically sharp tip, this theory focuses on the diffusion of water
into a small region (about 10nm) around the crack front [36]. The water molecules react
with the silica network in a reversible manner, causing a structural relaxation [37] which
allows the crack to propagate further. Since water diffusion in silica glass is also an stress-
enhanced process , this mechanism could describe the crack velocity behavior in region

I. Furthermore, structural relaxation could explain mechanical fatigue of silica glass [39].
Experiments on this topic are still being performed to this day, thereby demonstrating

that a widely accepted theory for phenomena such as subcritical crack growth and crack

healing remains to be established.

13
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3 ToF-SIMS

Secondary Ton Mass Spectrometry (SIMS) is a surface analysis technique, in which a beam
of energetic primary particles is used to create secondary ionized particles sputtered from
the surface of a solid sample . In ToF-SIMS, a Time-of-Flight (ToF) analyzer sepa-
rates the secondary ions according to their mass to charge ratio (m/q). The techniques
unique properties enable a wide range of applications in research. Firstly, it is possible to
measure all elements of the periodic table, ranging from hydrogen to uranium, along with
the isotopes and molecular species. Furthermore, SIMS shows a extremely high sensitiv-
ity, reaching down to ppb under optimal conditions, while exhibiting a remarkably high
lateral resolution down to 50 nm. Besides mass spectra and secondary ion images, depth
profiles and data for 3D analysis can be obtained when the instrument is equipped with
an additional sputter gun. The measurements are usually performed in ultra-high vacuum
(~ 107'% mbar) to achieve the best sensitivity possible [41].

3.1 Fundamentals
3.1.1 Basic principles

As previously stated, SIMS is based on the measurement of secondary ions according to
their mass to charge ratios generated by energetic primary ions. The phenomenon, where
atoms are removed from the surface due to the bombardment with energetic particles,
is called sputtering . The secondary ion counts I of species x is dependent on the
primary ion beam current I,, the concentration C, of species x, the sputter yield S of z,
the ionization probability to positive or negative ions 4"/~ and the transmission F of the

analysis system and can be calculated by the basic SIMS equation:
I? = [,C,Sy/~F (7)

Although indicates a direct proportionality between I¥ and the concentration
C, of species x, a direct quantification cannot be made due to the dependency of the
secondary ion signal on the chemical state of the surface where the ions have been emitted
from (matrix effect). Therefore, only limited and relative quantification is possible with
SIMS. For the purpose of quantification, standards such as implant standards (samples in
which a known ion implant of the element of interest is implanted to form a profile in the
matrix material) must be employed [41].

The sputter yield S is defined as the mean number of atoms, neutral and ionic, removed
from the surface of a solid per incident particle (see and depends on the mass,

charge and energy of the ion beam used (although not linearly) as well as the incident
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angle.

g average number of particles removed (8)

incident primary ion

Furthermore, the sputter yield is also influenced by the properties of the target material,
e.g. the topography, the crystallinity and elements on the surface [42]. This can result in
phenomena such as preferential sputtering, where ions with a lower sputter rate are less

easily ejected from the surface compared to particles with higher sputter rates [43].

As only charged particles are detected in ToF-SIMS, the secondary ion counts depend
on the ionization probability 4*/~. It should be mentioned, that only a small fraction of
the sputtered particles is ionized, usually < 1 % . The ionization probability of positive
secondary ions is dependent on the ionization energy of the element of interest. Such ele-
ments are positioned in groups I and II of the periodic table and have decreasing ionization
energies from the top to the bottom. Conversely, the electron affinity of the element has
a strong influence on the formation of negative secondary ions. Elements, that are more
likely to form negative ions are therefore situated on the far right hand side of the periodic
table [41].

3.1.2 Secondary ion generation

The most commonly accepted explanation for secondary ion generation in its simplest form
is based on a two-step process (see [Figure 3.1): (1) The desorption of atoms and multi-
atomic clusters is caused by the bombardment of energetic primary ions. (2) A fraction
of these sputtered particles becomes charged due to charge transfer to or from the ejected
particle.

It should be mentioned, that the primary ion can either scatter off the surface, evaporate

from the surface, fragment, or come to rest within the surface (become implanted) [43].

Step 1: Desorption

The primary ion beam is collimated, the ions are then accelerated to an appropriately
high energy (keV') and then rastered over the target surface. During elastic and inelastic
collisions, particles in and around the surface acquire energies from the primary ions. In
the event of sufficient transferred energy in a suitable direction, secondary particles can
overcome the surface binding forces and are sputtered from the sample surface .
During sputtering, the energy is conserved. The transfer of energy can be facilitated by
either a combination of elastic or inelastic collisions. In elastic collisions, the energy is

transferred via momentum transfer, resulting in a change of trajectory. Conversely, in in-
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Figure 3.1: Simplest form of two step secondary ion generation as a result of energetic
primary ion bombardment (adapted from [43]).

elastic collisions, energy is deposited via electronic excitations, without any change in the
trajectory of the incoming ion.

The process, where only elastic collisions occur, is called kinetic sputtering and is the best-
understood sputtering mechanism. The primary ion starts a collision cascade (sequence of
many collisions) involving many atoms within the sample. Atoms, ions or molecules bound
to the surface of the target will be ejected when they have sufficient energy (or momentum)
in a direction pointing outward from the solid.

The energy transfer resulting from the kinetic collision process between a particle with

energy Fy and mass m; and a particle with mass my initially at rest can be calculated

using [Equation 9

4 mg/ml

E2 = Eo COSQ(¢2)W

(9)
E5 represents the energy picked up by the particle initially at rest and ¢, is the angle of the
trajectory experienced by particle 2 with respect to the direction of the incoming particle
(see . Simulations of this so-called linear cascade model supported by empirical
data reveal that more than 90 % of the sputtered particles originate from the outermost
atomic layer. Furthermore, the sputtered particles show energy and angular distributions
with peaks at around half the surface binding energy and at the sample normal. However,
this model only applies to medium to heavy mass primary atomic or small molecular ions
in the low-to-medium keV energy range. In the case of energies that are excessively high,
the sputter yield is known to decrease as the energy is deposited too deeply within the sub-
strate to enable the effective removal of surface particles. At lower energies, the formation

of a full collision cascade does not occur and the sputter yield shows a sharp decrease [43].
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Figure 3.2: Parameters of atomic collision (adapted from )

Step 2: Secondary particle ionization

As stated in [44], various models (e.g. electron tunneling model, bond breaking model,...)
have been developed to describe secondary ion emission and the ionization process. These
processes will not be presented here, but some practical findings will be.

The secondary ion yield is influenced not only by the electronic state of the surface, but
also by its chemical state (matrix effect). A good example, where this matrix effect can be
seen, is shown in[Table 3.1} The ion yield varies dramatically from a metal as compared to
its oxide [45]. This effect can be used to intentionally modify the secondary ion formation.

Metal Clean metals M yield Oxide M yield

Mg 0.01 0.9
Al 0.007 0.7
Si 0.0084 0.58
\% 0.001 0.3
Cr 0.0012 1.2
Fe 0.0015 0.35
Ni 0.0006 0.045
Cu 0.0003 0.007

Table 3.1: Secondary ion yields of some clean and oxidized metal surfaces (adapted from

[46])-

For example, if the target surface is bombarded or flooded with oxygen, an oxidized layer
forms. When an electropositive atom is removed from the surface by sputtering, it becomes
ionized by breaking its bond to another surface atom (ultimately oxygen), leaving behind
an electron.

In the case of electronegative elements, the ionization process tends to occur via electron
tunneling from the surface to the secondary atom that has left the surface during sputter-

ing. To enhance this effect, the work function on the surface has to be lowered. This can
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be achieved by covering the surface with a sub-monolayer of caesium .

In practice, so-called sputter guns are often used in conjunction with the primary ion
source, particularly when depth information is of interest. In such cases, the secondary
ions to be analyzed are generated by the primary ions. However, the sputter guns are
selected to increase the secondary ion yield of the elements of interest. Consequently, in
the case of greater interest in the intensity of electronegative ions, caesium-based sputter
guns are generally used, whilst oxygen-based sputter guns are employed for electropositive
elements.

Finally, it should be noted that the vast majority of secondary ions are singly charged. In

the event of multiply charged ions, it is evident that they possess a positive polarity .

3.1.3 Sputter-induced damage

Any sufficiently energetic impacting ion can result in the modification of the lattice struc-
ture of the sample. Consequently, this can influence the composition, electronic structure
and topography of the solid. It has been demonstrated that even inert gas ions, such as
Ar" and Xe', have the capacity to induce modifications to the lattice structure. This
chapter presents a number of modification processes due to sputtering (sputter-induced
damage).

Firstly, a lattice-bound atom can be displaced to a neighboring position within the lat-
tice by impacting ions due to several mechanisms, such as recoil implantation. This is an
anisotropic redistribution of atoms, wherein an ion-atom knock-on event facilitates the pref-

erential transport of atoms in the direction of the initial ion movement. Atom displacement

can of course also occur during the collision cascade (see [subsubsection 3.1.2]). This phe-

nomenon is referred to as cascade mixing and is primarily responsible for sputter-induced
loss of depth resolution. Other mechanisms capable of altering the atomic structure include
radiation-enhanced diffusion and segregation. These mechanisms can result in defects so
severe that a solid that was initially crystalline may become amorphous.

Another sputter-induced process, that also distorts the depth resolution, is surface rough-
ening. During sample irradiation, surface stress builds up and causes the surface to curve.
As the sputter yield depends on the angle of incident, variations in surface curvature result

in variations in sputter yield and therefore roughening of the surface .

3.2 Instrumentation

The two principal components of ToF-SIMS, in addition to the ultra-high vacuum chamber,
are the primary ion gun and the time-of-flight analyzer. However, the instrument can be

equipped in accordance with the specific requirements. Usually, an electron flood gun
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to compensate the electronic charge accumulated during sputtering and a sputter gun to
obtain depth information are installed (see [Figure 3.3)) . The following chapters provide

an overview of the main components.

Reflectron

Pulse system

Sample

Figure 3.3: Schematic representation of a ToF-SIMS including a flood and sputter gun.

3.2.1 Ultra-high vacuum (UHV) system

The vacuum system consists of two different chambers: a load-lock chamber in which
the sample is introduced into vacuum and an ultra-high vacuum chamber, where mea-
surements are carried out. To achieve ultra-high vacuum (UHV) with pressure around
107 — 107!° mbar, an arrangement of roughing pumps and backing pumps, as well as
high-vaccuum pumps, such as turbo molecular pumps, ion pumps or titanium sublima-
tion pumps are necessary. Additionally, UHV chambers are usually baked to desorb the
molecules on the walls of the chamber . There are two reasons why such low pressures
are essential. Firstly, the sample surface should stay clean throughout the surface science
experiment. Furthermore, the secondary ions generated by the primary ions should en-

counter the least amount of scattering processes possible with the residual gas molecules
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on their way from the sample surface to the analyzer [41]. provides the mean
free path and rate in which a monolayer is formed on a surface for different pressures.
As a consequence to the low pressures required, only samples that are vacuum-stable are
suitable for SIMS analysis [40].

Vacuum Pressure range (mbar) Mean free path (cm) Monolayer time (s)
Low—Medium 1—1073 1072 — 10 1075 — 1072
Medium-High 1073 — 1077 10 — 10° 1072 — 102
Ultra High <1077 > 107 > 10?2

Table 3.2: Pressure ranges (adapted from )

3.2.2 Primary ion gun

There are four different source designs, each with its own mechanisms for producing primary
ions that have been used in SIMS. The primary ions can be generated by (1) electron
bombardment, (2) plasma, (3) surface ionization or (4) field ionization [46]. As the primary
ion sources of the ToF-SIMS instruments used for this thesis are based on the latter concept,
the following description focuses on field ionization.
The liquid metal ion source (LMIS) has proven to be the most suitable primary ion source
for SIMS due to its high brightness and its minimal effect on secondary ion yields. The
principle is based on a thin skin of liquid metal (typically bismuth, gallium, indium or
gold) that flows over a fine tungsten tip with radius < 1 um (see [Figure 3.4). A very high
extraction field causes the liquid metal skin to form a Taylor’s cone and (plasma) ball
structure on the probe tip. The primary ions are then stripped away from the plasma ball.
Following the generation of the primary ions, the beam has to undergo a series of steps
to be suitable for measurements. These steps include focusing and collimating the beam,
as well as filtering by mass for beam purification and creating pulses for the time-of-flight
mass analyzer. Subsequently, the beam is directed through stigmation and focus lenses.
Usually, the primary ion beam is then rastered across the target surface region of interest
in order to obtain mappings of the distribution of secondary ions.
The pulsing of the primary ion beam is very crucial in ToF-SIMS measurements, given that
a good mass resolution requires short pulses (ns range). In liquid metal ion beam systems,
the beam is pulsed using deflection plates that rapidly sweep the beam across an aperature.
This process provides pulses with a width of approximately 20 to 50 ns. Additionally, so
called bunching systems can be used to shorten the pulse width. Certain regions of the
pulse are getting accelerated, creating a time-focused pulse (usually less than 1 ns) at the
sample surface. This bunching however, causes an energy spread in the ions, which results

in a degraded beam size at the sample because of chromatic aberrations in the lenses. It
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Figure 3.4: Schematic representation of a liquid metal ion source (LMIS) (adapted from

[46]).

can thus be concluded, that high spatial resolution cannot be achieved simultaneously with

high mass resolution [46].

3.2.3 Time-of-flight analyzer

As previously stated, the primary ions generate secondary ions on the sample surface. In
order to obtain a mass spectrum, it is necessary to separate the secondary ions according
to their mass to charge ratio m/q. This can be achieved by a time-of-flight analyzer that
performs the following steps. Firstly, the pulsed primary ion beam creates a pulse of
secondary ions, which are then accelerated through an extraction plate held at a constant
potential U, into the ToF analyzer. All secondary ions now possesses approximately the
same kinetic energy

1
Ekin =4dq Ue:vtr = §mv2- (1())

Following the acceleration, the ions drift through a field free tube of known length L. After
L
the flight time ¢4, the ions hit the detector at the end of the tube. Using v = — and

an equation for the mass to charge ratio can be derived:
22Uy - 12
m_ et 'yl (11)
q L?

quation 11| indicates that determining the flight time ¢4 is sufficient for calculating the
mass to charge ratio generating a mass spectrum from each pulse of the secondary ion

beam.
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It is evident that the speed of heavier ions is reduced, resulting in increased flight times.

As the range of flight times for a single m/q value increases with increasing flight time due

to the energy distribution of the secondary ions (see [subsubsection 3.1.2)), the resolution

in the mass spectrum is worse for higher masses. To counteract this effect, a reflectron is
placed at the end of the analyzer (see . A reflectron contains a series of high
voltage ring electrodes with an applied gradually increasing retarding field where faster
ions of the same m/q value travel further into the retarding field compared to the slower
moving ions. Consequently, both fast and slow ions attain the detector simultaneously,
resulting in the narrowing of the bandwidth of the output signal .

The detection of the secondary ions is typically accomplished by a microchannel plate
(MCP) detector in a single counting mode. The electrons emitted from the microchannel
plate are accelerated to a scintillator for conversion into photons. Photon detection oc-
curs via a photomultiplier tube located outside the vacuum. The photomultiplier signal
is further processed and assigned to a time scale, enabling mass spectrum calculation. In
the event that an ion is too slow to be detected, an acceleration voltage can be utilized
immediately prior to detection.

A significant benefit of the ToF-SIMS system is that, since the analyzer is a non-scanning
device, no ions are discarded during the analysis process. However, the transmission typi-
cally reaches values ranging from 10 % to 50 % [46]. In addition, it should be noted that
for each measurement, ions of either positive or negative polarity can be collected and
analyzed. In instances where secondary ions of the opposite polarity are also required, an
additional measurement has to be performed .

3.2.4 lon sources

The vast majority of SIMS instruments are equipped with additional ion guns (besides the
primary ion gun), with the purpose of generating depth information. These ion sources,
often called sputter guns, can be categorized into five groups: electron impact (EI) sources,
duoplasmatron (Duo) sources, radio frequency (RF) sources, surface ionization (SI) sources
and field ionization (FI) sources [43]. As the instruments used in this study are equipped
with sputter guns, which are classified as electron impact, surface ionization and field ion-
ization sources, the following discussion focuses exclusively on these three. shows

typical properties of such ion sources.

In electron impact sources, the gas of interest (see [Table 3.3)) is introduced to a re-
gion, where it is irradiated by electrons produced from a heated filament (see [Figure 3.5|).
The energetic electrons ionize the gas atoms or molecules, resulting in the formation of

positive ions. An extractor voltage extracts the formed ions through a hole.
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Source lons Used in SIMS  Energy (keV) Minimum possible spot size (nm)

El  Ar, Of, SFF, G5,  <1-40 ~ 5 um
ST Cs* <1-16 < 50 nm
FI Ga™, In*, Au}, B¢t < 1-30 < 10nm

Table 3.3: Typical properties of electron impact sources, surface ionization sources and
field ionization sources used in SIMS (adapted from )

It should be noted, that the gas selected for use may have an impact on the surface chem-

istry of the sample. While inert gas such as argon show little to no effect, oxygen has been

observed to enhance positive secondary ion yields (see [subsubsection 3.1.2)) [43].
|
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Figure 3.5: Schematic representation of a electron impact source (adapted from )

In surface ionization sources, a reservoir containing cesium in form of cesium carbon-
ate (CsCOj3) or cesium chromate (CsyCrQOy)) is heated in order to create cesium vapor
(see . When the cesium vapor comes into contact with a heated ionizer (about
1100°C), C's* ions start to form. Using an extractor, the formed ions are then extracted
from the reservoir.

The employment of a surface ionization source has been demonstrated to result in an en-
hancement of negative secondary ion yields. This phenomenon is due to the reduction of
the work function of the substrate by Cs ions (see [subsubsection 3.1.2)) [43].

The principle of field ionization sources has already been discussed in [subsubsection 3.2.2|

However, it should be mentioned, that such sources can be utilized not only to create

primary ions for ToF-SIMS measurements, but also as focused ion beam (FIB) sources
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Figure 3.6: Schematic representation of a surface ionization source (adapted from )

. Focused ion beam systems are a powerful tool that offer the opportunities of direct
micro-and nano-scale deposition or materials removal anywhere on a solid surface [4§].
The combination of a SIMS system and a FIB therefore represents a great way to analyze

‘opened up’ areas of interest on the sample without contamination [49].

3.2.5 Flood gun

[rradiating a sample with primary ions or ions, to sputter the surface, does not only generate
secondary charged and neutral particles, the process also induces electron emission. As
a result, the surface is charging, especially in the case of insulating samples [40] which
influences the trajectory of the secondary ions . In SIMS, surface charging alters the
intensities of the peaks for different masses [51] and should therefore be prevented. The
most common way to counteract surface charging is by irradiating the surface with low
energy electrons from a flood gun . High energy electrons should be avoided as they
could degrade the sample and introduce added electron stimulated desorption peaks in the
SIMS spectra [51].

3.3 Modes of analysis

SIMS offers a variety of measurement modes and settings, each of which is appropriate
for different types of scientific questions. The following chapter will introduce the three
fundamental formats of SIMS (mass spectra, depth profiles and imaging) and will provide

an explanation of the settings that are generally used to achieve optimal results.
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3.3.1 Mass spectra

In a mass spectrum, the secondary ion intensity (counts per second) is plotted against the
mass to charge ratio m/q (sometimes only m because most of the secondary ions are singly
charged). An example is shown in Peaks in the mass spectrum indicate the
existence of an element or molecule with the corresponding mass to charge ratio inside the
sample surface. Therefore, such data is of interest in circumstances where the sample type
is unknown and/or where information on the optimal signals for acquiring images and /or
depth profiles is required. The most important value in mass spectra is the mass resolution

(see [Equation 12f), which is defined as the ability of an instrument to differentiate ions

based on their masses.

10°

105'5

Intensity (counts)
=y

107
10"
] .
100 4 111 II\II TR T
28 29 30
m/q

Figure 3.7: Mass spectrum showing the mass to charge ratios from 28 u to 30 u on soda-
lime-silicate glass; Instrument: M6 Plus; Primary ion beam: Bi", 30 keV,
Spectrometry mode, Sawtooth raster mode, 100 pum x 100 um field of view,
64 x 64 pixels; A flood gun, surface potential and argon was used for charge
compensation.

oom
- Am

R (12)
m is the average mass of the two signals of interest whilst Am is used to denote the mass
difference between them. For example, P~ has a mass of 30.973762 u and *°Si'H ™ has
a mass of 30.981596 u. To separate these two peaks, a mass resolution of at least 3955 is
necessary.

The mass resolution of ToF-SIMS is a function of the pulse width. An elevated pulse
width results in the broadening of peaks, consequently leading to a reduction in mass

resolution. Therefore, in order to achieve the best mass resolution possible, it is necessary
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to minimize the pulse width, which is typically accomplished by bunching the primary ion

beam (see [subsubsection 3.2.2)). This approach enables the creation of pulse widths of less

than 1 ns which can correspond to mass resolution values of 10,000 or greater without any
loss of sensitivity. Such a measurement mode is referred to as spectrometry or bunched

mode. The primary disadvantage of this mode is the spatial resolution. As previously

stated in [subsubsection 3.2.2| the bunching gives rise to an energy spread in the ions.

This, in return, results in an enlarged beam size due to chromatic aberrations. It can be
concluded that the enhancement of mass resolution is only attainable by compromising

spatial resolution [43].

3.3.2 Depth profiling

Depth profiles reveal how the chemical composition of a material changes as a function of
depth below the surface. This is achieved by eroding the sample surface using a sputter
gun, while the primary ion beam probes the freshly exposed surface. Subsequent to each
sputtering step, a mass spectrum of the emitted secondary ions from a spatial region of
interest is recorded. By repeating this cycle, a profile of ion intensity versus sputtering
time is obtained. The depth scale is typically established by measuring the total crater
depth after analysis (e.g., with a profilometer) and correlating it with sputtering time.

In order to ensure the best possible precision, the region of interest being probed should
be homogeneous throughout the sputter depth. Furthermore, the selection of appropri-
ate sputtering conditions is essential prior to measurement. For instance, in the case of
examining thin films, it is necessary to utilize low sputtering rates (established by e.g.
low energies). Conversely, higher sputtering rates are required if larger volumes are to be
investigated. It should also always be ensured that the sputter crater is larger than the
region of interest in order to prevent crater edge effects.

The pulse sequence for the analysis and sputter beam during depth profiling is also of
significance, especially when dealing with non-conductive samples. There are two possible
sequences, that can be utilized: these are known as the interlaced and non-interlaced
modes. In the interlaced mode, the sputter beam is switched on during the flight time
of the secondary ions produced by the primary ion beam. However, a delay and lead-
off time of several pus between the analysis and sputter beam is implemented to avoid
interferences. In the non-interlaced mode, the analysis and the sputter beam are treated
separately. Typically, several analysis cycles are performed prior to the activation of the
sputter beam. This can improve charge neutralization in comparison to the interlaced
mode. Consequently, this mode is usually employed in the analysis of insulating samples.
The disadvantage of the non-interlaced mode is the possibility of missing the interface while

depth profiling. Furthermore, there is more time for gas phase species to adsorb onto the
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sample surface.

A significant benefit of ToF-SIMS is its high depth-resolution. The depth resolution is a
measure of how precisely a technique can distinguish between features or layers at different
depths and is most commonly defined as the distance over which a signal changes from
84 % to 16 % of its maximum value across an interface . There are many factors that
can affect the depth resolution. For instance, a high primary ion energy or high primary ion
mass both result in increased ion mixing during the collision cascade, thereby worsening

the depth resolution. Furthermore, the presence of surface roughness, wether it is inherent

to the sample or induced by sputtering (see [subsubsection 3.1.3|), serves to further restrict
the achievable depth resolution [44].

3.3.3 Imaging

Most SIMS instruments are capable of generating secondary ion images as long as the pri-
mary ion gun can be rastered over the sample surface. This mode is especially beneficial in
cases where the spatial distribution of elements or molecules is of interest. The output con-
sists of images in which the secondary ion intensities are displayed in a lateral (x-y) manner
(elemental or chemical maps [44]). Three-dimensional images can also be constructed by
collecting two-dimensional images as a function of sputtering time and overlaying them.

As in the case in the majority of imaging techniques, achieving optimal spatial resolu-
tion is of the greatest importance. This value refers to the ability to distinguish signals
originating from neighboring regions in the spatial plane that differ in composition and/or
sputter rate. In practice, the spatial resolution is often defined as the distance over which
the signal changes from 84 % to 16 % of its maximum across a sharp edge. Limiting factors
include the size of the primary ion beam, the secondary ion yield (high yields allow for
optimal resolution) and the matrix effect.

The size of the primary ion beam can easily be reduced (thereby improving the spa-
tial resolution) through the modification of the beam. Firstly, reducing the current can
minimize space charge effects (space charge effects distort the beam size). Secondly, the
acceleration of the primary ions to higher energies also results in a reduction of the beam
size. Such a combination of settings is referred to as imaging mode. However, focusing and
accelerating a pulsed primary ion beam causes an increased pulse width and, consequently,
a worsening of the mass resolution. Moreover, high-energy ions have a grater effect on the
sample surface in comparison to low-energy low energy ions, thus, resulting in a higher
degree of damage [43].
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4 Experimental

4.1 Samples and sample preparation

The majority of the experiments conducted in this thesis were carried out on soda-lime-
silicate glass microscope slides (76 mm x 26 mm x 1 mm) manufactured by New Erie
Scientific LLC, Epredia (REF: AA00000102E01MZ10). [Table 4.1 summarizes the main
chemical composition. The selection of this particular type of glass is attributed to the
fact that soda-lime-silicate glass is the most widely used form of construction glass . All

soda-lime-silicate glass samples were rinsed with isopropanol prior to preparation.

Component Mass fraction (%)
Si0Oy (Silicon dioxide) 69-74

NayO (Sodium oxide) 10-16

CaO (Calcium oxide) 5-14

MgO (Magnesium oxide) 0-6

Al O3 (Aluminium oxide) 0-3

Others (e.g., FeO) <5

Table 4.1: Typical chemical composition of low-iron soda-lime glass (microscope slides,
Epredia, ISO 8037/1 compliant).

Furthermore, JGS1 fused silica quartz glass was investigated in this thesis. This material
is a high-purity synthetic quartz glass, characterized by its excellent ultraviolet transmis-
sion and was used in the form of samples with a diameter of 20 mm. Before preparation, the
quartz glass samples underwent a series of cleaning steps, including sonication in deionized

water and dilute nitric acid solution.

In order to prepare the glass samples for ToF-SIMS analysis, they were cut to the re-
quired dimensions using a regular glass cutter (Silberschnitt®, Ol-Glasschneider 5000).

4.1.1 Vickers Indentation

Vickers indentation is a method of determining the hardness of a material. The material
surface is indented by a diamond indenter with a square-based pyramid shape, which is
pressed into the material under a defined load. After removing the load, the two diagonals
of the indentation are measured using an optical microscope. The Vickers hardness can
then be calculated from the applied force and the area of the indent. It is evident that the
smaller the indentation, the greater the hardness of the material .

As has been documented in literature [4], indentation of brittle materials such as glass

leads to the formation of characteristic crack systems, including radial cracks emerging
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from the corners of the indent (see . In this study, this effect was deliberately
utilized by applying Vickers indentation not for hardness evaluation, but to generate con-
trolled cracks for subsequent analysis using ToF-SIMS. The Vickers hardness indentations
were performed under a load of 1 kgf (HV1 ~ 9.81 N).

Indent

Figure 4.1: Schematic drawing of an indent with radial cracks.

4.1.2 Preparation for crack cross-section analysis

In principle, it is possible to expose the cross-section of a crack initiated by Vickers inden-
tation tests. However, given the dimensions of the indent and its cracks, it is challenging
to create cuts using a glass cutter directly at the cracks. Therefore, an alternative method
of initiating a crack was employed (see . Firstly, the crack was initiated by
introducing a scratch on the glass surface using a glass cutter, without subsequently break-
ing of the glass. Following a storage period in a defined environment, a second cut was
performed perpendicular to the first cut on the opposing surface, along which the glass
was then broken. As demonstrated in it is evident that the second cut must
be executed on the opposing surface, as this also generates a crack (see at the

bottom), which would influence the analysis of the crack of interest.

4.1.3 Sample storage in defined environment

Immediately after the Vickers indentation and crack initiation using the glass cutter, the
samples were stored in a container with either heavy water (DO or *H,0) or deionized
water (see . It was ensured that the samples did not come into contact with
the water. Therefore, they were only exposed to water vapor. Before closing the container,
nitrogen gas was used to displace as much of the remaining air as possible. As containers,

weighing bottles with NS stoppers (Lenz Laborglasinstrumente, Art. Nr. 05560513) were
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Figure 4.2: (a) Schematic drawing of the preparation for crack cross-section with the first
cut (red) and the second cut perpendicular on the opposing surface (green) and
(b) optical microscope image of a crack cross-section in soda-lime-silicate glass.

used. They were cleaned with isopropanol and then dried using nitrogen.

In the case of the deionized water, a Barnstead™ Easypure™ II system from Thermo

Scientific™ was utilized to produce water with a resistance of ~ 16M < - cm.

The utilization of heavy water has a distinct advantage. Deuterium (D or *H) is a hydro-
gen isotope that is significantly less abundant in the atmosphere ((D/H)syow ~ 1.5-1074
52]). It can therefore be concluded, that if an elevated deuterium intensity is detected
within the crack, it must have been accumulated during the storage period and not, for
instance, during the transfer from the container to the ToF-SIMS instrument. Regarding
the water-glass interaction, experiments had shown, that the v(K)-curves for water and
deuterated water at room temperature are parallel. However, the deuterated water curve
demonstrates a shift towards lower velocities, which suggests that the reaction rate is slower
@. In order to avoid this effect, extended storage periods (on a timescale of days) were

implemented in our experiments.
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Figure 4.3: (a) Closed and (b) opened container for sample storage filled with heavy water
and containing samples.

4.2 ToF-SIMS instruments

The measurements for this thesis were performed on two different ToF-SIMS instruments
(ToF-SIMS® and M6 Plus; ION-TOF GmbH, Miinster, Germany). As the newer model
(M6 Plus) was not yet available for the first experiments, these were carried out using the
ToF-SIMS® instrument.

4.2.1 ToF-SIMS5

With the exception of a number of additional components that were not used for the
measurements conducted in this thesis, the ToF-SIMS® instrument is equipped with a
time-of-flight analyzer, a liquid metal ion beam source (BiMn alloy), a dual source column
(O3 and Cs) and an electron flood gun for charge compensation. This setup can reach a
spatial resolution of down to 50 nm and a depth resolution of less than 1 nm.

A notable disadvantage of this instrument is the lack of ease with which positive and
negative ion detection modes could be switched between. Consequently, images were not
obtained in both positive and negative ion detection modes of the same cracks on this

instrument.

4.2.2 M6 Plus

The M6 Plus is also equipped with all components that are installed on the ToF-SIMS®
instrument. However, in comparison, the M6 Plus offers a higher mass resolution and up
to three times higher sensitivity. Furthermore, a focused ion beam source (FIB) as well as

a gas cluster ion beam source (GCIB) are installed. Both of these were utilized in some
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experiments conducted in this thesis. The following discussion is intended to provide an

overview of the experiments in which the FIB was used.

As illustrated in |[Figure 4.4] we created a FIB crater on a crack from a Vickers indent
(green). The red volume corresponds to the crater, while the blue area indicates the anal-
ysis area. It is evident, that such an experiment enables a depth analysis of the crack
without any air contact. The obtained depth information is restricted by the dimensions
of the FIB crater. As the analysis area (blue) is tilted by ~ 45°, it is important to note that

1
the secondary ion images (e.g. |[Figure 5.12)) are shortened by a factor of cos(45°) = 7 in

one direction. This must be taken into account when estimating the depth of the crater.

ons

Sputter ions Primary ions

Analysis area (45°)

Indent with cracks

FIB crater

Sample

Figure 4.4: Schematic drawing of FIB crater (red) on cracks from Vickers indent (green);
The analysis area (blue) is tilted by ~ 45°.
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5 Results and discussion

5.1 Depth profiles on the glass surface and a freshly broken glass
surface
Since we are interested in the process occurring at a crack in glass and a glass crack is

nothing more than a freshly opened surface, it makes sense to carry out depth profile mea-

surements on freshly broken surfaces and compare these with the glass surface that was

only rinsed with isopropanol. The results are shown in [Figure 5.1] and |[Figure 5.2 The

freshly broken surface is denoted as 'new’, whereas the surface that was only cleaned with
isopropanol is referred to as ’old” surface. A simulation (SDTrimSP Version 7.00
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Figure 5.1: Normalized depth profile on ’old’ and 'mew’ soda-lime-silicate glass surface
in positive ion detection mode; Instrument: M6 Plus; Primary ion beam:
Bi", 30 keV, Spectrometry mode, Aperture 200, Sawtooth raster mode,
100 pm x 100 pum field of view, 64 x 64 pixels; Sputter beam: O,", 1 keV,
300 pum x 300 um crater size; Non-interlaced mode; A flood gun, surface po-
tential and argon was used for charge compensation.

54]) was used to estimate the sputter depth according to the sputter gun settings but on
SiO,. The sputter time of 200 s in corresponds to an estimated depth in SiO,
of ~ 150 nm, whereas the sputter time of 400 s in corresponds to an estimated
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Figure 5.2: Normalized depth profile on ’old’ and 'nmew’ soda-lime-silicate glass surface
in negative ion detection mode; Instrument: M6 Plus; Primary ion beam:
Bi", 30 keV, Spectrometry mode, Aperture 400, Sawtooth raster mode,
100 pm x 100 pm field of view, 64 x 64 pixels; Sputter beam: Cs™, 1 keV,
300 pum x 300 um crater size; Non-interlaced mode; A flood gun, surface po-
tential and argon was used for charge compensation.

depth in SiOs of ~ 84 nm.

As illustrated in the positive ion detection mode reveals that Na™ and Ca™
exhibit the most significant deviations from the 'old’ surface to the 'new’ surface. However,
these signals reach the bulk intensity after approximately 100 s of sputter time (~ 50 nm
depth). The distinct form of the Na' signal may originate from the same processes that
were proposed in an earlier investigation on the corrosion behavior of soda-lime silicate float
glass on freshly created active surfaces . In this paper, freshly fractured glass surfaces of
float glasses with varying compositions of added modifier metal oxides were created by pol-
ishing or a hammer. Subsequently, the samples were corroded for a period of up to 20 days
within a climate chamber (75 + 0.1 °C temperature and 75% + 0.5% of relative humidity).
The depth profiles were measured at varying times using ToF-SIMS. The findings of this

study will now be utilized to provide an explanation for the trends observed in the depth
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profiles.

Analyzing the Na® depth profile of the new’ surface, a peak in the subsurface region can
be observed (see . As the silicon intensity also exhibits a peak, it was suggested
in , that the form of the depth profile is an experimental or instrumental effect and also
put forward a possible explanation for this phenomenon. A freshly created surface has a
high surface energy and strain, thus an energy gradient is formed. As the glass surface tries
to stabilize, ions in close proximity to the surface start diffusing toward the upper surface.
This diffusion process results in an electrical potential with positive charge at the surface
and negative charge at the subsurface region. The secondary ion signal is dependent on
the ionization probability which in turn is affected by the potential. As the subsurface
region exhibits a negative potential, a selective enhanced emission of the ions in SIMS
occurs. Therefore, there are two mechanisms that influence the form of the depth profile:
the change in concentration due to ion diffusion and the potential. The latter appears to
have the greatest influence, at least in the case of the Na™ signal.

Nonetheless, the 'old” surface should demonstrate a behavior that is somewhat similar
to that of the sample from after the corrosion time of 20 days. That is not the case. It
was hypothesized, that the subsurface peak disappears in the samples exposed to extended
corrosion due to a surface relaxation process. Conversely, the 'old” samples also show a
Na' peak. However, the results should not be directly compared, since the ’old’ surface
was only rinsed with isopropanol. Consequently, surface contamination may have had an
impact on the result. This is further evidenced by the the depth profile in [Figure 5.2, which
demonstrates higher normalized intensities in the surface area for C~ and Cl™ on the old’

sample, indicative of surface contamination.

5.2 Elemental mappings of Vickers indents
5.2.1 Indented samples stored in air

In this chapter, the results of the ToF-SIMS images of Vickers indents (HV1) are presented.
Although these experiments do not provide any depth information about the elements at
the crack, they allow the identification of the elements present at the crack surface. It
should be mentioned that the discussion primarily focuses on the radial cracks that formed
during the Vickers indentation tests, rather than on the indent itself.

shows an image of a Vickers indent recorded with a scanning electron mi-
croscope (a) and an optical microscope (b). It can be seen, that the cracks appear to
be optically shorter than their actual length. This fact was also later evidenced in the
ToF-SIMS images.

A first investigation of an indent that was stored in air in negative ion detection mode
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Figure 5.3: (a) Scanning electron microscope and (b) optical microscope image of a Vickers
indent (HV1) on soda-lime-silicate glass.
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Figure 5.4: ToF-SIMS image of a Vickers indent (HV1) showing the hydrogen and oxygen
signal in negative ion detection mode; Instrument: ToF-SIMS®; Primary ion
beam: Bi", 25 keV, Imaging mode, Random raster mode, 200 um x 200 pm
field of view, 2048 x 2048 pixels with 64 pixel binning; A flood gun and surface
potential was used for charge compensation.

revealed some interesting findings (see . Firstly, an elevated hydrogen intensity
is observed in the area of the cracks extending outwards from the Vickers indent. It could
be hypothesized that this phenomenon is the result of a geometric effect. Nevertheless,
if this is indeed the case, then such behavior of the intensity should be observed in all
other elements as well. As demonstrated in oxygen displays a contradictory
behavior. The reasons for the elevated hydrogen intensity at the cracks are addressed in

greater detail in the subsequent section.
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A further feature, most clearly evident in the oxygen signal, is the cross-shaped signal
distribution which is much broader than the initial cracks. This behavior was also observed

for other indents. As an example, [Figure 5.5 shows a comparable broadening of the
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Figure 5.5: ToF-SIMS image of a Vickers indent (HV1) showing the hydrogen and oxygen
signal in negative ion detection mode (a) before sputtering and (b) after sput-
tering with the GCIB for about 30s; Instrument: M6 Plus; Primary ion beam:
Bi", 30 keV, Imaging mode, Sawtooth raster mode, 200 ym x 200 pm field of
view, 512 x 512 pixels; A flood gun, surface potential and argon was used for
charge compensation.

cracks in both hydrogen and oxygen. However, after sputtering for about 30s with a

GCIB (Figure 5.5p), the intensities become more localized around the cracks. In later

experiments (see [subsection 5.3)), a similar behavior on the cross-section of a crack occurs.

5.2.2 Indented samples stored in heavy water and deionized water vapor

As previously mentioned in [section 4] experiments were conducted in which Vickers indents

(HV1) were made and subsequently placed in a container with heavy water or deionized
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water (without direct contact). It was observed that optically distinct features formed
at the indents (see features marked with yellow dashed line) on the samples
stored in the containers containing heavy water and deionized water. Such features can
also be found in other places on the glass surface, but they are almost always present at the

indents. The elemental mappings of an indent stored in a container with heavy water for

Figure 5.6: Optical microscope image of Vickers indents (HV1) stored in container con-
taining (a) heavy water and (b) deionized water, the yellow dashed line marks
the feature.

a period of 14 days are presented in for negative ion detection mode.

includes the ToF-SIMS images of an additional indent, which was also stored in a container
with heavy water in positive ion detection mode. The results for the indents stored in the
container with deionized water are basically the same and are not shown here.

As is evident from the data, the signal intensities for deuterium, hydrogen, chlorine,
carbon, sodium and potassium are elevated in the features that formed around the indents.
Oxygen demonstrates an elevated signal intensity at the edge of the feature, while calcium
appears to accumulate at the cracks of the indent.

The features are highly likely to be drops that formed during the storage of the sam-
ple in the containers. Water evaporated, subsequently condensed at the indents and then
evaporated during the introduction of the sample to the vacuum of the ToF-SIMS instru-
ment, leaving behind the contaminants that we found (Cl, C, Na and K). Assuming that
the heavy water and the deionized water were pure, these contaminants must have been
adsorbed to the water from either the glass surface, the surrounding air during storage, or
during the sample transfer from the container to the instrument.

Although these features can be successfully removed by rinsing the surface with deion-

ized water, suggesting no measurable water-glass interaction (using ToF-SIMS) occurred
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Figure 5.7: ToF-SIMS images of a Vickers indent (HV1) stored in a container with heavy
water for 14 days in negative ion detection mode before sputtering; Instrument:
ToF-SIMS?®; Primary ion beam: Bi", 25 keV, Imaging mode, Random raster
mode, 200 pm x 200 pum field of view, 1024 x 1024 pixels with 16 pixel binning;
A flood gun and surface potential was used for charge compensation.
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Figure 5.8: ToF-SIMS images of a Vickers indent (HV1) stored in a container with heavy
water for 14 days in positive ion detection mode before sputtering; Instrument:
ToF-SIMS?; Primary ion beam: Bi", 25 keV, Imaging mode, Random raster
mode, 200 pum x 200 pum field of view, 1024 x 1024 pixels with 16 pixel binning;
A flood gun and surface potential was used for charge compensation.

at the surface, the observation that the formation of drops occurred almost always at the
indents and therefore at the cracks, is of particular interest. This phenomenon is of sig-
nificance as the processes of crack healing (and crack propagation) are influenced by the
relative humidity and the presence of a drop results in a localized increase in humidity.

The phenomenon of droplets tendency to accumulate in surface depressions (e.g. indents)
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during condensation has been documented in literature [56] [57].

However, the primary purpose of conducting these experiments was to examine whether
deuterium also accumulates preferentially at the cracks. In the event that this is indeed the
case, it is possible to exclude processes in which water enters the crack other than during
the storage period. To reduce the signal intensity coming from the drops, the samples were
sputtered. The results obtained after sputtering the indent used in are presented
in (250 seconds of sputtering corresponds to ~ 220 nm sputter depth on SiOs,
calculated using a simulation [53], SDTrimSP Version 7.00 [54]). The results obtained
after sputtering the indent used in are shown in (84 seconds of
sputtering corresponds to ~ 180 nm sputter depth on SiO,, calculated using a simulation
[53], SDTrimSP Version 7.00 [54]).

Intensity (cts) Intensity (cts) Intensity [cts)

T T T
i) © 0 100 150

Figure 5.9: ToF-SIMS images of a Vickers indent (HV1) stored in a container with heavy
water for 14 days in negative ion detection mode after sputtering for 250 s;
Instrument: ToF-SIMS?®; Primary ion beam: Bi', 25 keV, Imaging mode, Ran-
dom raster mode, 200 pum x 200 pum field of view, 1024 x 1024 pixels with
16 pixel binning; Sputter beam: Cs™, 2 keV, 300 wm x 300 um crater size;
Non-interlaced mode; A flood gun and surface potential was used for charge
compensation.

The data show an increased secondary ion signal for deuterium at the crack locations.
The only time that deuterium could have entered the cracks was during storage of the
sample in the container with heavy water. The theories described in will now be

used to discuss these findings.
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Figure 5.10: ToF-SIMS images of a Vickers indent (HV1) stored in a container with heavy
water for 14 days in positive ion detection mode after sputtering for 84 s;
Instrument: ToF-SIMS®; Primary ion beam: Bi', 25 keV, Imaging mode,
Random raster mode, 200 pm x 200 pm field of view, 1024 x 1024 pixels with
16 pixel binning; Sputter beam: Os", 2 keV, 300 um x 300 pum crater size;
Non-interlaced mode; A flood gun and surface potential was used for charge
compensation.

First, it should be emphasized that the presence of water within the cracks underlies
all proposed theories and explanations and is therefore not examined further here. The
central question, instead, is why an increased signal intensity is observed in the crack
regions compared to the surrounding glass surface. Three possible explanations could
account for this observation: (1) a geometric effect, (2) a glass-water interaction and (3)
there is simply more water present in the crack than on the rest of the glass surface.

(1) The possibility of a geometric effect was already ruled out, as it would lead to an
elevated signal intensity for all other elements as well.

(2) The three main interactions that can take place are hydration, hydrolysis and ion-

exchange reactions (see [subsection 2.3). As a newly generated glass surface exhibits a

higher surface energy and is therefore more active [55], all these interactions are expected
to take place at a faster rate within the cracks than on the rest of the glass surface.

(3) It is also possible that there is simply more water present in the crack. The reason for
this could be attributed to capillary condensation, a process that occurs at the nanoscale
in all confined geometries, such as cracks. As the system becomes smaller, surface effects
become increasingly significant, causing water vapor to condense locally .

The challenge now is to differentiate between the possible mechanisms. Firstly, it is
difficult to verify whether hydration has occurred because, to do so, we would need to
distinguish between the water molecules in the crack and those within the crack flanks.
The spatial resolution of ToF-SIMS, in addition to the absence of knowledge regarding the
actual crack dimensions are limiting factors in these experiments.

One way to check for hydrolysis reactions is to examine the SiIOH signal in the mass

spectra. However, in imaging mode, the mass resolution does not allow us to distinguish
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between the SIOH and #?SiO peaks. The same argument can be applied to the samples that
were stored in the container with heavy water, as we would need to distinguish between
the SiOD and 3°SiO peaks.

A similar problem arises for hydronium ions (H30) in the crack flanks to determine
whether ion-exchange reactions have occurred, as those ions share the same peak with
fluorine. Although the D3O peak does not overlap with any peaks from other relevant
elements in the samples stored in heavy water vapor, this peak could not be identified in
the mass spectrum. It could be argued, that the presence of Na and Ca in the water in the

cracks would indicate the occurrence of an ion-exchange process. However, this argument

is ruled out in a latter discussion (see [subsubsection 5.3.1)).

Therefore, it is not possible to draw definitive conclusions from these results regarding
the mechanism that causes the increased hydrogen intensity in the cracks. It is very likely
that all mechanisms occur simultaneously and influence one another (e.g. capillary con-

densation enhances glass-water interactions [59)).

Finally, we shall now examine the data for the other elements after sputtering. As shown

in [Figure 5.9 and [Figure 5.10, the majority of the signal emitted from the feature was

removed by sputtering. A comparison of the D™ and H ™ signals reveals that the use of
heavy water results in a distinct advantage, as the cracks in the D™ signal become more
visible due to the absence of background signal. However, an increased H™ intensity at
the cracks is still evident, as is the presence of carbon. The oxygen signal cannot be used
for analysis because the signal is saturated. Chlorine and potassium are mostly located at
the indent, while sodium and calcium show a pretty homogeneous distribution. Evidence
suggests that the intensity of the K ions is elevated in the cracks where the Na™ and Ca™
ion signals are reduced. However, this observation has not been replicated through further

measurements.

5.2.3 FIB crater on crack

The FIB setup on the M6 Plus instrument enables new possibilities for obtaining depth
information regarding features present on the sample. As the elemental distribution around
the crack in depth is also of interest, this method was employed on a crack at a Vickers
indent (HV1) that was stored in a container with heavy water for 14 days. The evolution
of the FIB crater is pictured in the secondary ion images shown in The pink

area in the third secondary ion image corresponds to the area of interest that was analyzed

using ToF-SIMS and the results are presented in [Figure 5.12| and [Figure 5.13|
Several noteworthy observations can be made from [Figure 5.12] Firstly, deuterium is not

only present at the crack opening on the sample surface, but also throughout the crack.
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Figure 5.11: Secondary ion images in positive ion detection mode of the evolution of a FIB
crater on a crack at a Vickers indent (HV1) stored in a container with heavy
water for 14 days; (1) crack without FIB crater, (2) FIB crater after first pass,
(3) final FIB crater after 4 passes with analysis area in pink and (4) overview
of whole indent with final FIB crater; Instrument: M6 Plus; Primary ion
beam: Bi', 30 keV, Imaging mode, Sawtooth raster mode, 100 pm x 100 pum
field of view, 512 x 512 pixels; FIB: Ga™, 30 keV, Aperture 700, 6 s dwell
time, 4 passes; A flood gun, surface potential and argon was used for charge
compensation.

This finding was validated by repeated measurements taken on other cracks. The depth

to which the crack can be analyzed is, of course, constrained by the dimensions of the FIB

crater. In this case, the depth can be estimated to be ~ 45 um (see [subsubsection 4.2.2)),
assuming that the white dashed line in represents the edge of the crater.
Another interesting finding is that the main crack undergoes a crack branching at a certain
depth.

When plotted on a logarithmic scale (see |[Figure 5.13), the K signal does not show
any branching behavior. However, as this was the only FIB crater in which a branching

behavior and an elevated potassium intensity was detected in the crack , the result is not
considered for further interpretation. The results for Na® and Ca' are consistent with

other measurements, with an decreased signal being detected in the crack. It is important
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Figure 5.12: ToF-SIMS image overlay of deuterium (green) and silicon (red) in negative
ion detection mode of a FIB crater on a crack that was stored in a container
with heavy water for 14 days, the white dashed line indicates the edge of the
FIB crater; Instrument: M6 Plus; Primary ion beam: Bi", 30 keV, Imaging
mode, Sawtooth raster mode, 50 um x 50 um field of view, 512 x 512 pixels
with 4 pixel binning; A flood gun, surface potential and argon was used for
charge compensation.

to emphasize that this does not imply that there is no Na or Ca at all in the cracks. Rather,

it means that there is more Na and Ca within the glass than in the crack.
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Figure 5.13: ToF-SIMS images in positive ion detection mode of a FIB crater on a crack
that was stored in a container with heavy water for 14 days; Instrument: M6
Plus; Primary ion beam: Bi", 30 keV, Imaging mode, Sawtooth raster mode,
50 pm x 50 pm field of view, 512 x 512 pixels with 4 pixel binning; A flood
gun, surface potential and argon was used for charge compensation.
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5.3 Crack cross-section

In order to analyze the full crack as well as the crack tip, experiments were conducted
in which a crack was initiated by a glass cutter. After being stored for several days in a
defined environment, the glass was then broken perpendicular to the crack (see

tion 4.1.2). These experiments led to a number of noteworthy findings.
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Figure 5.14: ToF-SIMS image overlay of deuterium (green) and silicon (red) in negative
ion detection mode of a crack cross-section where (a) is an overview including
an orange box which marks the area where the more detailed image in (b)
was taken; The sample was stored in container with heavy water for 27 days;
Instrument: M6 Plus; Primary ion beam: Bi", 30 keV, Imaging mode, Saw-
tooth raster mode, 500 pm x 500 pm (100 pm x 100 pm in (b)) field of view,
512 x 512 pixels with 4 pixel binning (256 x 256 pixels in (b)); A flood gun,
surface potential and argon was used for charge compensation.
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Figure 5.15: (a) Optical Microscope image of crack cross-section with white box indicating
the analysis area, (b) ToF-SIMS images in negative ion detection mode and (c)
positive ion detection mode; The sample was stored in container with heavy
water for five days; Instrument: M6 Plus; Primary ion beam: Bi', 30 keV,
Imaging mode, Sawtooth raster mode, 50 pm x 50 pum field of view, 512 x 512
pixels with 4 pixel binning; A flood gun, surface potential and argon was used
for charge compensation.
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An overlay of the Si- and D™ signal for a crack cross-section in soda-lime-silicate glass
stored in a container with heavy water for 27 days is presented in As the
results from already suggested, deuterium accumulates in the entire crack,
right up to the the crack tip. Again, the only time deuterium could have entered the crack
was during storage of the sample in the container containing heavy water. This result is
of significance as it demonstrates that water can penetrate right up to the tip of the crack
during storage in a humid environment, which is in agreement with earlier findings [59|
. Furthermore, an elevated deuterium/hydrogen signal indicates that more water is
present in the crack than on the rest of the glass surface, resulting in an increase in local
humidity.

As is apparent from the crack has a hook-like shape at its end. This
behavior was identified in several cracks, but not all of them. Similar shapes have been
observed in literature |61] when a crack is initiated and left to grow under a stress intensity
above the fatigue limit. The stress intensity was then reduced below the fatigue limit for
approximately one hour, after which it was reapplied. The hook-like shape is therefore
a consequence of the combination of aging and subsequent application of load. In our
experiments, this shape is postulated to have occurred during the perpendicular cutting and
breaking to create the cross-section. While it is certainly possible to carry out interesting
experiments on such crack tips using ToF-SIMS, we have not examined this specific form
in any further detail.

presents further data on a crack in soda-lime-silicate glass that was stored in
a container with heavy water for five days. Again, the D™ signal is increased in the crack.
The Na™, K", CI” and C~ intensities are elevated in an area around the crack.

A comparison of these results with the optical microscope image (Figure 5.15a) reveals
that the signal is coming from a narrow strip to the right of the crack, which is most
likely contamination. Moreover, the silicon signal exhibits opposite behavior, indicating the
presence of something on the cross-section surface. It is conceivable that the contamination
was introduced during the breaking of the glass. However, the data already demonstrate
an interesting result: namely, an increased potassium signal in an area around the crack
that is unrelated to the contamination. In fact, these findings were replicated for almost
all samples, that were stored in containers with either heavy or deionized water. There
are three potential origins for the increased potassium signal observed in the area of the
crack: (1) the potassium comes from the glass itself, (2) it was introduced through the
surrounding air, or (3) it was introduced via contaminated water.

(1) As soda-lime-silicate glass should not contain any potassium, this should not be the
reason for the increased K signal.

(2) Should the potassium have been introduced into the crack through the surrounding
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air, the results obtained from samples stored in air would be similar to those obtained from
samples stored in containers with heavy water and deionized water. However, the results
of repeated measurements have demonstrated that no elevated K signal can be detected
at the cracks in the samples that have been stored in air.

(3) In order to verify the hypothesis that contaminants are introduced via the water, the
same experiments can be conducted using clean quartz glass. The results are presented in

the following chapter.

5.3.1 Crack cross-section in cleaned quartz glass

Figure 5.16|shows the Na™, Ca™ and K" signals for a crack cross-section in a cleaned quartz

glass that was stored in a container with heavy water for five days. As is evident from
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Figure 5.16: ToF-SIMS images in positive ion detection mode of a crack cross-section in
cleaned quartz glass that was stored in container with heavy water for five
days; Instrument: M6 Plus; Primary ion beam: Bi", 30 keV, Imaging mode,
Sawtooth raster mode, 100 um x 100 um field of view, 512 x 512 pixels with
4 pixel binning; A flood gun, surface potential and argon was used for charge
compensation.

the data, there is an increase in the signals of Na® and K* in the area surrounding the
crack. Given that quartz glass does not contain any of these elements, the only possible
way in which they could have been introduced is through the heavy water. The absence
of an elevated sodium signal at the crack in soda-lime-silicate glass may be due to the fact
that the glass already contains a relatively high proportion of sodium. This complicates
the interpretation of the secondary ion signal for Na*.

An increased Ca’ intensity was not observed. In consideration of the observation that
the calcium signal exhibited a different behavior in comparison to that of sodium and
potassium in [Figure 5.8 the same can be expected for this result. However, the reason
behind the difference in behavior require further investigations.

In order to determine the point at which the water became contaminated, a depth
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profile was measured on the cleaned quartz glass surface (see and the surface
after storing in heavy water for five days.

As demonstrated in the results indicate the accumulation of a layer of
contaminants on the surface during the storage process. Although the surface already
showed signs of contamination prior to storage, these have become more as a consequence
of the storage period. Assuming that the heavy water was pure, these results again suggest,
that the contamination must have occurred either during the storage period or the sample

transfer from the container to the instrument.
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Figure 5.17: Normalized depth profile on cleaned surface and surface after storing in con-
tainer with heavy water for five days of quartz glass in positive ion detection
mode; Instrument: M6 Plus; Primary ion beam: Bi", 30 keV, Spectrometry
mode, Aperture 400, Sawtooth raster mode, 100 pum x 100 pm field of view,
64 x 64 pixels; Sputter beam: O,", 1 keV, 300 pum x 300 um crater size;
Non-interlaced mode; A flood gun, surface potential and argon was used for
charge compensation.

Another finding was that the contamination on the cleaned quartz glass surface is dis-
tributed relatively homogeneously, while the surface after storage is covered with features
exhibiting significant local variations in contamination (see . Moreover, these
features also differ greatly in terms of their size. This phenomenon is of importance, be-

cause local variations on the surface can influence the crack behavior. Given the fact that
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Figure 5.18: ToF-SIMS images at two different positions (a) and (b) on a quartz glass sur-
face that was stored for five days in a container with heavy water in positive
ion detection mode, the schematic drawing on top indicates the measure-
ment positions of (a) and (b); Instrument: M6 Plus; Primary ion beam: Bi',
30 keV, Imaging mode, Sawtooth raster mode, 500 um x 500 um field of view,
512 x 512 pixels with 4 pixel binning; A flood gun, surface potential and argon
was used for charge compensation.

each crack is exposed to slightly different environmental conditions , the influence on the

cracks will not be uniform.

Following this investigation of surface contamination, the focus will now revert to the

crack cross-section.

5.3.2 Sputtering of the crack cross-section

The observed broad potassium intensity distribution around the crack (see|Figure 5.19)), as

well as the broad potassium and sodium intensity distribution in quartz glass around the
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crack (see, might suggest that these ions are present within the crack flank and
the glass. This would indicate that ion-exchange reactions have occurred. Nevertheless,
two points must be noted that cast doubt on this. Firstly, the results obtained suggest
a diffusion depth of several um, which is not in agreement with the values reported in
literature at room temperature [62]. Secondly, as illustrated in [Figure 5.5 the cracks at
the Vickers indents appeared significantly more broad in the elemental mappings. This
broadening was reduced through the sputtering process. It is conceivable that this phe-
nomenon could also be the underlying cause of the broad distribution of K* (and Na™)
on the crack cross-sections. In order to verify this claim, the crack cross-section in soda-

lime-silicate glass, which had been stored in a container with heavy water for a period of
27 days, was sputtered. The results are presented in [Figure 5.19 It is evident that the K™

Intensity (cts) Intensity (cts)

—1 107

ym O 40 80 ym O 40 80

Figure 5.19: ToF-SIMS images of a crack cross-section in soda-lime-silicate glass that was
stored in a container for 27 days (a) before and (b) after sputtering for 100 s;
Instrument: M6 Plus; Primary ion beam: Bi", 30 keV, Imaging mode, Saw-
tooth raster mode, 100 um x 100 pm field of view, 256 x 256 pixels; Sputter
beam: Cs., 2 keV, 100 pum x 100 um crater size; A flood gun, surface potential
and argon was used for charge compensation.

intensity is more concentrated at the crack and the crack tip after sputtering, indicating
that the broad intensity distribution is caused by another phenomenon than ion-exchange
processes. Nevertheless, it should be emphasized, that this does not mean that no ion-
exchange processes took place at all. Due to the absence of knowledge regarding the width
of the crack, in combination with the spatial resolution of ToF-SIMS, it is not possible to
draw any conclusions about ion-exchange processes from these images. The same argument

can be made about the hydration mechanism. The reason why it is not possible to check

for hydrolysis reactions was already explained in [subsubsection 5.2.2|
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5.4 Further observations and findings

Finally, it is important to note that some additional observations were made during the
course of this thesis that could not be consistently reproduced. These are therefore re-

ported here for the sake of completeness.

First of all, it should be acknowledged that in the above chapter, we exercised great

caution in the discussion on the elements carbon and chlorine. In [subsubsection 5.2.2] it
was hinted that the water contains C and Cl which led us to believe, that they should also

be present in the cracks. However, we were unable to consistently detect these elements in

the crack cross-sections.

During the process of creating the Vickers indents, it was observed that a number of
them exhibited signs of chipping and other defects. It has become apparent that such
indents have caused problems during the analysis using ToF-SIMS, probably due to charg-

ing effects. Several measurements could therefore not be used for analysis. An optical

microscope image of such an indent is pictured in [Figure 5.20

100 pm

Figure 5.20: Optical microscope image of a Vickers indent (HV1) with defects like chipping.

In general, the comparison of different indents and cracks, as well as crack cross-sections,
is challenging due to the fact that all of them are geometrically different. This means that
they may exhibit different behaviors with regard to the interaction with water. Further-
more, geometric effects can significantly impact the results obtained using the ToF-SIMS

technique.
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6 Conclusion

In this thesis, the investigation focused on the analysis of cracks in glass using the Time-
of-Flight Secondary Ion Mass Spectrometry technique (ToF-SIMS). The central objective
was to investigate the water-glass interaction in the cracks and the crack tip, with a goal
to identify the elements that are present. In order to achieve this, cracks were initiated on
soda-lime-silicate glass microscope slides by either Vickers indentation or a glass cutter.
To investigate the interaction between water and glass, the prepared samples were stored
in containers containing heavy water or deionized water without direct contact. Finally,

the results were compared to those obtained on quartz glass.

Elemental mappings of Vickers indents, with particular reference to the cracks that form
at the indents, have revealed the presence of an elevated hydrogen signal in the surface
near area at the cracks. The existing theories on the influence of water and humidity on
crack propagation and crack healing effects all assume the presence of water at the crack
tip. Therefore this result represents a first indication that this assumption is justified. In
order to verify, that the hydrogen did only accumulate at the cracks during the storage pe-
riod in the container, experiments with heavy water were conducted. It has been observed
that samples stored in containers containing heavy water also demonstrate an increased
deuterium signal located at the cracks.

A further observation was made on all samples stored in containers with heavy water
and deionized water. This observation concerned the formation of drops at the indents.
It is important to note, that this phenomenon is of significance, given that the processes
of crack healing and crack propagation are influenced by the relative humidity and the
presence of a drop results in a localized increase in humidity.

The findings of the FIB cut experiments on the cracks provide further evidence for the
presence of water throughout the entire crack. An elevated deuterium signal was identified
in the crack up to a depth of several tens of micrometers. A significant benefit of these

experiments was the capacity to investigate the crack without any air contact.

The most valuable results were obtained by the crack cross-section experiments, where
a crack was initiated, the sample was stored in heavy water vapor or deionized water vapor
and then the glass was broken perpendicular to the crack to create the crack cross-section.
Firstly, an elevated deuterium (or hydrogen) signal was detected extending up to the crack
tip in both soda-lime-silicate glass and quartz glass. This finding provides substantial
support for the presence of water at the crack tip.

Secondly, an increased potassium signal at the crack was found in soda-lime-silicate glass

and an increased sodium and potassium intensity at the crack in quartz glass. Both results

93



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

led us to the conclusion, that the heavy water and the deionized water were contaminated

at some point during our experiments, introducing these contaminates into the cracks.
The calcium signal exhibits a different behavior in comparison to that of sodium and

potassium in almost all experiments. However, the reason behind this requires further

investigations.

The water-glass interaction processes occurring at the crack tip could not be identified due
to the limitations of our experiments and measurements. The spatial resolution in combi-
nation with the contaminated water was found to be a limiting factor in the identification
of ion-exchange processes and hydration. Furthermore, the mass resolution prevented the

verification of hydrolysis reactions.

6.1 Outlook

ToF-SIMS has been demonstrated to be a highly effective technique for the identification
of elements, including hydrogen, at the crack and the crack tip. However, with regard to
further investigations on this topic, some suggestions for improvement, especially regarding

the experiments, should be made.

Firstly, it is important to minimize the contamination in all experiments, especially during
the storage period. This enables more precise interpretation of results and simplifies the
comparison of results from different samples. It is essential that a uniform procedure for
sample cleaning is also included.

Furthermore, a standardized method of creating the cracks for the cross-section analysis
should be employed. Throughout the course of this thesis, several measurements could not
be used for analysis due to cracks that had not been sufficiently initiated.

Additionally, it is hypothesized that storing the samples in liquid rather than water vapor
would yield more uniform results. Consequently, the pH value could also be modified more
easily, which would be of great interest with respect to the interaction between water and
glass.

Finally, it is recommended that further experiments and measurements be conducted on
quartz glass samples. It is possible that this represents a more fundamental approach for
investigating the water-glass interaction processes that occur at the crack tip. However,
given that soda-lime-silicate glass is the most widely used type of glass, it is essential that

further experiments and measurements are conducted on this particular type of glass.
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