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Abstract

The problem of glass strength arises from the increasingly spread use of
the material in building. Due to its high transparency, glass has been
always used as closure element, but in recent years a tendency of using
it for structural purpose is growing rapidly. In addition, glass provides
challenging solutions for conservation of archaeological heritage. These
reasons require a deep investigation on failure mechanisms of glass and
above all on its resistance to tensile stress.

Since 1920, linear elastic fracture mechanics allowed understand-
ing the reasons of the low tensile strength values registered in glass.
It seems that this is due to the propagation, even very slow, of sur-
face microdefects induced by manufacturing processes. Later, physical
theories empirically founded further investigated on the processes of
rupture in glass, observing that microdefects may evolve up to struc-
tural failure not only for a stress increase but also as consequence of
chemical-physical interaction with surrounding environment.

Most of prediction models which aim at evaluating a glass element
lifetime are based on empirical laws. The parameters of those theories
are related to the influence of environment but their values are provided
by the literature only within limited ranges. However, the influence of
environmental variables is complex and not secondary. In addition,
in recent years, glass is being used in building even in non favorable
climatic conditions. This latter is a challenging aim, considering the
high aesthetic qualities of glass.

For these reasons, the present thesis considered necessary to inves-
tigate on the microphysics and chemistry which determine the phe-
nomenon of environmental corrosion, and this allowed identifying the
physical variables which play the most influent role. Secondarily, an ex-
pression of failure time as explicit function of environmental variables
is provided, focusing on temperature and relative humidity. Through
parameter calibration, on the basis of four-point beam-bending tests,
a lifetime curve is obtained for a given environment.

This work arises on the one hand from a physical interest and it
shows a scientific coherence, considering the strong influence of envi-
ronmental variables, and on the other hand it is strictly connected to
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design purposes, since glass is being used in increasingly disparate cli-
matic conditions. For this latter reason, to be able to express failure
time as function of environment becomes a non negligible need.

Keywords : stress-corrosion, physical variables, temperature, rel-
ative humidity, lifetime.



Sommario

Il problema della resistenza del vetro nasce dall’'uso sempre piu dif-
fuso del materiale in ambito edilizio. Grazie all’elevata trasparenza, il
vetro ¢ da sempre utilizzato come elemento di chiusura, ma negli ul-
timi anni si sta diffondendo una tendenza ad un uso anche strutturale
del medesimo. Inoltre, il vetro garantisce soluzioni ottimali in contesti
archeologici. Tutto questo implica una necessita di investigare i mecca-
nismi di rottura del materiale ed in particolare la sua resistenza a sforzi
di trazione.

A partire dagli anni venti, la meccanica della frattura lineare elastica
ha consentito negli anni di comprendere la ragione dei bassi valori di
resistenza a trazione riscontrati nel vetro, insita nella propagazione an-
che lenta di microdifetti superficiali indotti dai processi di manifattura.
Successivamente, teorie fisiche empiricamente fondate hanno investi-
gato ulteriormente sui processi di rottura nel vetro, osservando come
i microdifetti evolvono sino a portare al collasso strutturale non solo
per un aumento dello stress applicato ma anche per via dell’interazione
chimico-fisica con I’ambiente.

La maggior parte dei modelli predittivi che consentono di valutare
il tempo vita di un elemento di vetro si basa su leggi di tipo empirico. I
parametri di tali leggi si riferiscono all’influenza dell’ambiente ma sono
forniti dalla letteratura entro dei range limitati. Tuttavia, il peso delle
variabili ambientali & complesso e non di secondo piano. Va inoltre
detto che il vetro, recentemente, viene usato in ambito edilizio in situ-
azioni climatiche anche poco favorevoli. Quest’ultimo é un obiettivo
intrigante, considerando le alte qualita estetiche del materiale.

Per queste ragioni, la presente tesi ha visto necessario un appro-
fondimento della microfisica e della chimica che sono alla base del
fenomeno di corrosione ambientale, e ¢id ha consentito di individuare
le variabili fisiche che hanno maggiore influenza. In un secondo mo-
mento, si é scelto di arrivare ad una espressione del tempo vita come
funzione esplicita delle variabili ambientali, in particolare di temper-
atura ed umidita relativa. Attraverso una taratura dei parametri del
problema, sulla base di prove di flessione su quattro punti, si ricava una
curva di lifetime in funzione dell’ambiente.
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Quest’obiettivo ¢ da una parte spinto da un interesse fisico e mostra
una coerenza scientifica, considerando la forte influenza delle variabili
ambientali, e dall’altra & legato a scopi progettuali, dal momento che
il vetro viene usato in condizioni climatiche sempre piu diversificate
e poter esprimere il tempo vita in funzione dell’ambiente diventa una
esigenza non trascurabile.

Parole chiave : corrosione sotto sforzo, variabili fisiche, temper-
atura, umidita relativa, tempo vita.



Résumé

Le probléme d’évaluer la résistance du verre nait a partir de 1'utilisation
de plus en plus diffusée du matériau dans le domaine de la construction.
Grace a sa grande transparence, le verre a toujours été utilisé comme
élément de fermeture, mais récents il est aussi employé dans les par-
ties structurelles des batiments. Cela implique la nécessité d’examiner
les mécanismes de rupture du matériau et en détail sa résistance aux
contraintes de traction.

A partir de 1920, la mécanique de la fracture linéaire élastique a
permis pendant les ans de comprendre la raison des valeurs trés faibles
de résistance a traction qui étaient registrées dans le verre. La cause
de ¢a est une évolution méme lente de microdéfauts de surface qui sont
produits par les procédés de fabrication.

En suite, des théories physiques empiriquement fondées ont ex-
aminé plus loin les processus de rupture dans le verre, en observant
que les microdéfauts évoluent non seulement par I'augmentation de
la contrainte appliquée mais aussi comme conséquence de I'interaction
chimique-physique avec I’environnement.

La plupart des modéles prédictifs qui permettent d’évaluer le temps
de vie d'un élément de verre est fondée sur des lois empiriques. Les
paramétres de ces lois se référent a I'influence de ’environnement mais
ils sont donnés par la littérature dans une gamme limitée. Toutefois,
I'influence des variables environnementales est complexe et elle ne peut
pas étre négligée. Par ailleurs, le verre est récents employé dans le
domaine de batiment aussi dans des situations climatiques défavorables.
Cela est un objectif intéressant si on considére les grandes qualités
esthétiques du matériau.

Pour ces raisons, cette thése a considéré nécessaire une étude de la
microphysique et de la chimique qui sont & la base du phénomeéne de
la corrosion environnementale, et cela a permit d’identifier les variables
physiques qui ont la plus grande influence.

A un moment ultérieur, on est arrivé a exprimer les temps de vie
comme fonction explicite de I’environnement, en particulier de la tem-
pérature et de I'humidité relative. Gréce a un calibrage des paramétres,
fondé sur des essais expérimentaux de flexion quatre-points, on obtient
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une courbe de temps de vie comme fonction de ’environnement.

Cet objectif est dérivé d’une partie de I'intérét physique, et il mon-
tre une cohérence scientifique, en considérant la grande influence des
variables environnementales, et de I'autre partie il est lié¢ & des fins de
conception, puisque le verre est utilisé en conditions climatiques tou-
jours plus diversifiées, et donc exprimer le temps de vie en fonction de
I’environnement devient une exigence qui ne peut pas étre négligée.

Mots-clés : corrosion sous contrainte, variables physiques, tem-
perature, humidité relative, temps de vie.
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Chapter 1

Introduction

1.1 Preliminary considerations on glass

Even in the past, glass was considered a highly challenging material,
since its almost total transparency provided relevant aesthetic quali-
ties and natural illumination. For these reasons, glass was employed
for building closure elements. In addition, its physical and chemical
composition provided interesting optical effects, as witnessed by the
Lycurgus cup shown in Fig. 1.1, which the Romans built in IV century
B.C. by inserting gold and iron nanoparticles within the glass matrix.
The use of additives induces interesting effects, since the cup changes
colour whether the light is reflected (green) or absorbed (red).

In recent years, the use of glass in building has become more and
more spread In addition, it is being used for covering increasingly larger
spans. Hence, structural elements as beams and entire fagades are made
of glass. Some thermal treatments, as tempering, are used to increase
glass strength, and the technique of laminating glass, i.e. producing
elements made of several layers, provides more safe solutions. In the
last ten years, many architectures made of glass have been constructed,
as the Apple Store in New York or the glass architectures of the Sanaa
group (see Fig. 1.2).

Although the existing techniques for improving glass strength, many
research groups are still investigating on the complex behaviour of glass
at rupture, aiming on the one hand at gaining a deep knowledge of fail-
ure mechanisms, including physical and chemical processes, and on the
other hand at providing methods and models for predicting glass failure
time, i.e. lifetime. This theme is strictly connected with a phenomenon
occurring in glass as in other materials, that is a strong interaction be-
tween chemical environment and material structure. In the literature,
this is known as stress-corrosion, since the chemical process is stress-
dependent. The current lifetime models allow predicting how long a
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Figure 1.1: Roman Lycurgus cup, IV century B.C.

structure will last, under a certain loading condition and for given en-
vironmental ranges. However, in recent years the use of glass is being
increasing even in climatic regions presenting high levels of tempera-
tures and relative humidity, which highly accelerate glass breakage. An
explicit correspondence between lifetime and environmental variables
is still lacking.

1.2 Aim of the thesis

The present thesis can be framed within this context, since it investi-
gates on microcrack propagation in glass under stress-corrosion regime.
On the one hand, physical and chemical processes of stress-corrosion are
examined, on the other hand a lifetime prediction model is provided,
as function of environmental variables.

The interest in glass arises from several reasons, which may be sum-
marized as follows:

e Increasing structural use of glass requires both a deep knowl-
edge of material fracture behaviour and correct lifetime prediction
models;

e The strong influence of environmental variables makes it neces-
sary to express lifetime models as explicit function of environ-
ment;
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Figure 1.2: Apple Store in New York (top); Sanaa Glass Pavilion in
Toledo (bottom).

e The phenomenon of stress-corrosion induces a strong interaction
between different spatial scales and different physics, and this
implies a multiscale and multiphysics approach;

e Physical-mathematical models for stress-corrosion in glass are
still lacking, and an investigation on the physics of the phe-
nomenon is necessary in order to identify the variables that could
be included in a possible analytical model.

Indeed, the aim of this work is to provide a method for expressing
material lifetime directly in function of temperature and relative hu-
midity. The major part of predicting models are founded on empirical
law, and they will be presented in order to frame this work in a current
research context.

The proposed method is founded on the one hand on a deep knowl-
edge of stress-corrosion theories, that will be examined, and on the
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other hand on experimental investigation performed on small glass
specimens. This work arises from a scientific interest but also has a
design justification. In addition, the individuation of the environmen-
tal variables that mainly affect glass failure mechanisms has allowed
selecting the parameters that could be included in a possible physical-
mathematical model for glass. Considering the strong interaction be-
tween different scales and physics, which is due to glass nature and to
the interaction with environment, glass appears as a possible applica-
tion for a continuum model with microstructure. Some consideration
on existing microstructure models will be provided for future develop-
ments.

1. Introduction

|
[ |

2. Reference theory: LEFM 3. Multiphysics coupling
in different materials

v

4. Stress-corrosion in glass

5. Stress-corrosion and 6. Parameter calibration and

lifetime: an alternative —> predictive lifetime curve as

model function of environment
L J

v

7. Conclusions and
future aims

Figure 1.3: Organization of the thesis.

The thesis is composed as follows (see Fig. 1.3): in chapter 1, some
considerations on glass failure behaviour are given. In chapter 2, lin-
ear elastic fracture mechanics (LEFM) is presented as an explanation
of glass failure mechanisms, considering both macroscopic and micro-
scopic scale. A complete comprehension needs to consider even the
atomic scale, since microcrack propagation occurs by rupture of inter-
atomic bonds, and stress-corrosion reactions occur at the very small
scale, implying even a change of physics. For this reason, chapter 3
presents general cases of multi-physics coupling between mechanical
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properties and environment for different material, including the interac-
tion between different spatial scales. Chapter 4 represents the main lit-
erature part of the thesis, and it is entirely dedicated to the description
of stress-corrosion mechanisms and of different stress-corrosion theories.
Chapter 5 gives a design justification of this work, since it presents the
strong relation between stress-corrosion and lifetime. Once that current
prediction models have been introduced, chapter 6 shows the contribute
of this work, presenting a simple methodology for lifetime evaluation,
by using a physical relation based on chemical kinetics and by express-
ing glass failure time in function of temperature and relative humid-
ity, which are the main environmental variables. In this section, the
experimental investigation is presented as support of the theory, and
lifetime curve for one environmental condition is given. In addition,
the same methodology is applied to the case of non-constant stress,
that is for linear stress history. Equivalently, a curve of strength as
function of stress-rate and environment is provided. Once the effect of
environment on stress-corrosion mechanisms and on glass failure time
has been illustrated and quantified, it is possible to select the main
environmental variables for a future micro-mechanical model. Hence,
chapter 7 describes some of the microstructured models from the lit-
erature, showing how glass could be seen as an application of them.
Finally, this section gives conclusions of the work.

1.3 Focus: mechanical behaviour of glass

In some works, glass is defined as a super-cooled liquid, in some others
as a highly viscous solid. In each case, glass is a material which under-
goes the phenomenon of vitreous transition, which separates amorphous
and crystalline materials. As amorphous solids, glass does not present
an ordered atomic structure, and this is one cause of its high trans-
parency. However, its atomic bonds are not as weak as in liquids, even
if they are not as strong as in solids.

In this thesis, glass will be treated as a continuum linear-elastic
isotropic solid, whose physical atomic structure strongly affects macro-
scopic behaviour. It will be shown as the nature of the interatomic
bonds has a relevant role in mechanical behaviour. In addition, glass
chemical composition highly affects material response to stress, and
differences between the different types of glass will be discussed. As an
example, soda-lime silica glass, whose main structure of Silicon-Oxygen
bonds is modified by the presence of other atoms, as Sodium and Cal-
cium, has a low resistance to corrosion, even if it is the most widely
used in glass architecture. On the contrary, Silica glass has a relevantly
higher resistance, and it is the object of many recent research studies
(Ciccotti, 2009). Glass main structure is composed on Silicon-Oxygen
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tetrahedrons, and Fig. 1.4 shows the difference between silica glass and
soda-lime silica glass.
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Figure 1.4: Glass atomic structure: silica glass (left) and soda-lime
silica glass (right).

By analyzing glass phenomenology, it is normally considered as a
brittle material, since non-elastic deformations are confined in very
small regions (Pallares et al., 2011). Some recent works consider glass
behaviour as quasi-brittle, stating that plastic phenomena are not neg-
ligible (Ferretti et al., 2011). In this thesis, glass is considered as
perfectly linear-elastic until brittle fracture. As many other brittle
materials, glass real tensile strength, evaluated through experiments,
is relevantly lower than theoretical strength, considered as a material
constant. In order to understand this incongruence, one has to go down
from the specimen scale to a smaller scale, that is the microscopic scale.
Indeed, microscopic investigations reveal on glass surface several defects
as flaws, imperfections, which are normally due to the manufacturing
processes and transportation. It seems that these microdefects are the
cause of the lowering of real tensile strength. Glass triggered the studies
of linear elastic fracture mechanics (LEFM), which considers the pres-
ence of microdefects within the elastic continuum material and allows
describing behaviour of brittle solids containing flaws. In glass, these
initial flaws can be of few micrometers up to hundred of micrometers,
depending on the edge finishing used (Lindqvist et al., 2011). As will
be discussed, these defects behave as stress concentrators, and this ex-
plains why real failure stress is lower than theoretical one. A part from
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microscopic exogenous defects, glass atomic structure contains voids
or imperfections which represent endogenous defects of nanometer di-
mensions. It is still open the question whether also atomic defects can
affect macroscopic behaviour. A focus on LEFM appears necessary to
understand glass fracture behaviour.

Some limits of LEFM arise from mechanisms occurring at the atomic
scale. In addition, crack propagation normally occurs in chemically ac-
tive environments, and not in vacuum. Therefore, in order to under-
stand glass mechanical behaviour, one has to consider that a change of
physics occurs. In a small region around the tip of the microcrack, cor-
rosive reactions due to the interaction between environment and glass
structure occur, with a relevant consequence on failure mechanisms.
The thesis focuses on the problem of stress-corrosion in glass, which
has an influence on macroscopic lifetime and shows a relevant interac-
tion between scales and physics. It may be useful to give a glance of
multi-physics coupling mechanisms between mechanical properties and
environment, which affect not only glass but also many other materials.
This will be briefly discussed in chapter 3.

1.4 Focal points

e Structural use of glass, more and more spread in building, requires
a focus on material fracture behaviour and appropriate prediction
models;

e The influence of environment and the use of glass in increasingly
different climatic ranges require to take into account the depen-
dence of material lifetime on environmental variables;

e Glass mechanical behaviour is strongly affected by the presence
of microscopic surface defects;

e Linear elastic fracture mechanics (LEFM) provides explanation
for the low tensile strength values registered in glass as in other
brittle materials, as consequence of the evolution of microdefects;

e In this thesis, glass is modelled as linear-elastic until breakage,
although some recent work consider the possibility of non-elastic
behaviour;

e Defect evolution in glass is due not only to stress increase but
also to a coupling effect between mechanical stress and chemical
environment.

e The focus will be on stress-corrosion mechanisms, considering the
strong interaction between different scales and physics.
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Chapter 2

Reference theory: LEFM

2.1 The purpose of this theory

Since the last centuries, a purpose in design has been to provide criteria
for material strength evaluation, in order to predict structural failure.
Some first theories of fracture find their origin in X I X*" century, when
a critical stress criterion was formulated. This criterion states that a
material fails when the applied stress reaches a critical characteristic
value. However, it was soon discovered that the critical stress criterion
was not always appropriate for describing material strength. Indeed,
fracture strength was shown to depend on several factors, such as tem-
perature, load rate, environment, material. A simple stress criterion
then could not take account of all these parameters.

Linear elastic fracture mechanics arises from these difficulties, and
a wide explanation of its developments is given by Broek, who men-
tions several accidents that had occurred during the XIX'" century
with metal structures (Broek, 1974). Some unexpected failures often
occurred, even in conditions of low stress. An interesting example de-
scribes the case of several ships that failed suddenly while laying in the
harbor, which is an evident effect of environment. It is clear that, in
order to provide explanation for failure mechanisms occurring at levels
of stress lower than the critical characteristic one, a new theory was
needed. The basis of fracture mechanics is given by a pioneering work
proposed by Griffith in 1920 (Griffith, 1920). In this work, he states
that the unclear failure mechanisms observed in several brittle mate-
rials has to be attributed to the presence of small flaws. Indeed, he
studies the case of an isolated crack in a solid under an applied stress
and he formulates a criterion for crack propagation from the funda-
mental theorems of thermodynamics within a frame of linear elasticity.
The presence of a flaw induces a stress concentration at its tip, and this
is responsible for failure.
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After ‘50s, the use of high strength materials widely increases. These
materials are characterized by a low crack resistance, i.e. the residual
strength under the presence of cracks is low. The diffusion of these ma-
terials runs parallel to new stress analysis methods, for more reliable
determination of local stresses. The concept of local is crucial, since
the strength of these materials is strongly affected by what locally oc-
curs near the crack, which is a local stress concentrator. It is clear
that a change of scale of observation is needed, in order to give cor-
rect explanation of macroscopic visible failure. The occurrence of low
stress fracture in high strength materials due to small cracks induces
the developments of fracture mechanics. This theory provides an al-
ternative to the conventional design criteria based on tensile strength,
which are inadequate when cracks are present. Strength appears to
be related to the growth of the crack, and LEFM has the purpose of
predicting this growth. Crack advance with time may be induced by
the application of a cyclic load, or by a combination between loads and
environmental attack, as evident in the above-mentioned example of
the ship. Stress concentration induced by a crack increases when in-
creasing crack length. This means that the rate of crack propagation
increases with time, as shown in Fig. 2.1.

crock residual
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Figure 2.1: Crack length increase (left) and strength decrease (right)
versus time, from Broek work (Broek, 1974).

Fracture mechanics allows predicting how fast cracks will grow and
how fast the residual strength will decrease, and the final aim is to
provide prediction models. In order to make some examples of applica-
tions, in several materials fracture behaviour is strongly affected by the
evolution of microscopic flaws. One could think of ceramic materials
as glass, or even metals, alloys, polymers, concrete. It is important
to observe that fracture mechanics makes an effort in connecting two
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different spatial scales, on the one hand the scale of the defect, which is
of micrometer dimension, and on the other hand the scale of the visible
breakage, i.e. the macroscopic scale. In these materials, macrofracture
cannot be completely understood unless one considers what is occurring
at the microscale. However, this theory has to take into account scales
that go down at levels even lower than the microscale. Indeed, some
physical-chemical processes may occur at the level of the molecule, or
even lower at the level of the atom, and many of the mentioned ma-
terials contain defects at the very small scale, as imperfections of the
atomic structure, vacancies, dislocations. This may appear as the field
of molecular dynamics or quantum mechanics, and one has to remem-
ber that fracture mechanics develops as a continuation of continuum
mechanics theories, by considering a microscopic defect within a contin-
uum body. As an example, LEFM provides formulas for stress concen-
tration near the crack, as discussed in the following section. However,
this formula looses its validity at the exact point of the crack tip, where
the stress would tend to infinite, which is not feasible. This is due to
the fact that a consideration of levels even lower than the microscale
would provide a correct modelling. We will see that cracks do not
propagate only for a stress increase or stress cycles, but even for the
combination of stress and environmental attack, which occurs through
chemical reactions at the nanoscopic scale. It is then clear that fracture
mechanics theory would need some further considerations at the very
small scales in order to understand the complex behaviour of materials
such as glass.

2.2 Fracture criteria: Griffith and Irwin

2.2.1 Griffith criterion

Griffith pioneering work of 1921 (Griffith, 1921) provides the basis for
modern fracture mechanics and allows explaining why, in brittle ma-
terials, tensile strength theoretically evaluated is far from the value
registered through experiments. This incongruence can be understood
only considering the presence of microscopic surface defects, which play
the role of stress concentrators.

That said, Griffith studies start from the mathematical work pro-
posed by Inglis in 1913, where the flaw, considered as an elliptical
cavity, was already seen as potential weakness of the material (Inglis,
1913). Both Griffith and Inglis fund their works on mathematical elas-
ticity theory. However, in Inglis theory, strength does not depend on
the defect dimension but only on its shape, and this is not conform with
experimental results. Hence, it is evident that in cracked materials the
ordinary hypotheses of rupture loose their applicability, and Griffith’s
aim is to formulate a criterion of rupture coherent with real behaviour.
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Griffith treats the problem of rupture from a new point of view,
taking into account even the intermolecular attractions. Starting from
the theorem of minimum energy, he provides a new theoretical criterion
for fracture, i.e. an energetic criterion for crack advancement, based
on macroscopic thermodynamic variables and where potential energy
is diminished by the presence of a crack. His criterion of rupture allows
defining a breaking stress which strictly depends on the dimension of
the flaw.

Theory versus experiments

Griffith’s study applies to isotropic solids obeying to Hooke’s law, within
the framework of mathematical theory of elasticity. This latter loses
its validity only within a small region around the crack tip, hence for
sufficiently large cracks it may be correctly applied. In order to give
consistency to his theoretical studies, Griffith chooses as real material
glass, which obeys to Hooke’s law and whose structure allows simple
analysis.

Molecular theory states that rupture takes place at the value of
the stress, i.e. breaking load, which corresponds to the maximum pull
resultant force that can be exerted between the molecules of the ma-
terial, i.e. the sum of the intermolecular attractions. Hence, applied
stress must show maximum value at rupture, and this latter should
imply large dissipative phenomena, but this is not registered in ordi-
nary tensile tests of brittle materials. Theoretically estimated tensile
strength, which is related to the energy of cohesive bonds, is a material
constant, about ten times smaller than the elastic modulus.

However, experimentally observed strengths are only a small frac-
tion of the values indicated by the molecular theory. Moreover, stress
from the tests is far from being uniform, and elastic theory shows that
stress must be uniform unless material is heterogeneous or discontinu-
ous. At the very small scale, all substances are discontinuous since they
contain molecules of finite size. However, this discontinuity cannot be
sufficient to justify the above mentioned inconsistency between theory
and real behaviour. Therefore, it may be deduced that the reduced
strength of brittle materials registered in tests is due to the presence of
a crack, which represents the most extreme type of discontinuity and
heterogeneity of a material.

Tensile tests in glass show a value of tensile strength (175 MPa)
more than ten times lower than the theoretical strength, which is of the
order of several GPa. From the tests, Griffith deduces that a breakage
stress of 175 MPa must be induced by a flaw of a dimension of at least
4,7um, which is of the order of 10* times higher than the molecular
distance. Hence, it can be stated that the weakness of isotropic solids
is due to the presence of discontinuities or flaws or other centers of
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heterogeneities whose dimensions are large compared to the molecular
distance.

Limits of previous theories

In Inglis’s work, stress at the tip of an elliptical crack in an uniformly
stressed plate is relevantly higher than the stress applied to the edges.
The two major and minor semi-axes of the ellipse are defined a and ¢
respectively. The case limit of an infinitively narrow ellipse represents
the crack. It is a problem of linear elasticity, where the assumptions
are Hooke’s law validity, stress-free edges of the cavity, crack highly
smaller compared to the plate size.

His theory is also valid, with a small error, for cracks which are
elliptical only at their extremities, i.e. for sharp cracks. In such a case,
for ¢ < a, the flaw is nearly straight, and the following relation takes
place:

Tt _ o /¢ (2.1)
TA 1%

where 04, is the maximum material tension at the crack tip, o4
is the applied edge stress and a and p are respectively the semi-length
and radius of curvature of the edge of the elliptical cavity. The ratio
on the left side of Equation (2.1), which is normally > 1, is the elastic
stress concentration factor and it depends more on the shape, i.e. the
ratio a/p, than on the cavity dimension. Hence, Inglis provides an
instrument for evaluating the potential weakness effect of a series of
irregularities, included the crack. This weakness is due to the fact
that a crack may increase the stress at the tip even six times, basing
on its shape and on the nature of the stress but independently on its
absolute dimension. This is in conflict with the experimental results,
where the flaw dimension decreases the strength, and where large cracks
propagate much more easily than small ones. Therefore, the ordinary
hypotheses of rupture are not applicable and the mechanism of rupture
is still unknown. Starting from this point, Griffith provides a criterion
for fracture coherent with the real behaviour of brittle materials.

Energetic criterion of crack advancement

Griffith applies the mathematical theory of elasticity to the case of a
homogeneous isotropic flat plate containing a straight flaw and sub-
jected to an uniform tension at the edges. The edges of the crack are
stress-free. In his model, differing from Inglis, he considers an infinitely
narrow crack, i.e. ¢ — 0, of length 2a and, being the crack small com-
pared to the plate dimension, the stress may be considered as applied
to infinite.
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The condition of crack propagation, i.e. the criterion of rupture,
arises from the principle of minimum of potential energy, for which
the equilibrium state of an elastic body deformed by surface forces
implies that the potential energy of the total system is a minimum.
By applying this principle to a cracked body, Griffith provides a new
theoretical criterion of rupture, adding to the principle of minimum the
statement that the equilibrium position is the one where rupture has
occurred.

Firstly, he considers the total energy U of the system as the sum of
a mechanical energy term Uy, and a surface energy term Ug:

U=Uy+Us (2.2)

U)y is the potential energy of the crack surface, i.e. it corresponds to
the work done against the cohesive forces of the molecules at the edges
of the crack. This term decreases when crack propagates, since during
crack evolution the attractive forces that need to be contrasted pro-
gressively reduce. Then, U, favors crack extension. The term Ug rep-
resents the energy of intermolecular bonds that is released during crack
propagation, since cohesive forces of molecular attraction are exceeded
during the formation of new surfaces of fracture. Hence, this term in-
creases during crack propagation and opposes it: in order to form a
new surface of fracture, molecular forces, represented by Ug, must be
overtaken. The higher is this term, the most difficult is propagation for
the crack. By corresponding rupture with crack advancement, Griffith
energetic criterion states that crack advances, i.e. material fails, when
the following equilibrium condition is satisfied:

%(US—UM) =0 (2.3)
This means that the crack advances in unstable manner when the
energy provided by the system, i.e. the energy released, is equal or more
than the energy needed for crack propagation. The signs depend on
whether the energy term opposes or favors crack propagation. Griffith
observes that the configuration where the crack is at equilibrium is the
one that minimizes the total energy of the system. At that point, the
crack may extend. In particular, for the case of thin plate, i.e. in plane
stress, the term Ug is given by the following expression:

4dvra?S?
(14 v)8u

where v is Poisson ration, S tensile stress and g the modulus of
rigidity of the material. The term Uy, is given by:

Us = (2.4)

UM = 4CLTS (25)
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where T’ is the surface tension of the material. Equation (2.3) then
becomes:

vraS?

7(1 o —4aTs =0 (2.6)

From this latter Equation, in the case of plane stress, the stress at

rupture is obtained:
2ET.
5=/ === (2.7)
Tva

being (1 + v)u = E/2. This expression is experimentally verified.
The expression for the breaking stress S is true only for small cracks in
large plates. A part from the tests performed on glass plates, Griffith
tests glass fibers in order to verify his hypotheses. Thinner specimens
show higher strength. The extreme case is to consider a single chain of
molecules, which must have a strength equal to the theoretical value,
since it cannot contain flaws. As an explanation of the presence of
these cracks, Griffith provides the hypothesis of a localized rearrange-
ment of molecules within glass network, with transformations from the
amorphous state to a more dense crystalline phase.

2.2.2 Irwin tensional criterion: stress intensity fac-
tor

Starting from Griffith studies, fracture mechanics main developments
are due to the later work of Irwin, who also gives a macroscopic and
thermodynamic vision of crack propagation (Irwin, 1957). As discussed
below, Griffith and Irwin theories may be seen as equivalent. Irwin
states that comprehension of fracture mechanism requires an under-
standing of all processes occurring in a small region around the crack
tip. Indeed, the presence of a crack induces a high stress concentration
near its tip, depending on several factors. For the case of plane stress
or plane strain of a continuum body subjected to tensile stress, the
influence of geometry, boundary conditions and loading on the stress
concentration at the tip may be expressed through a parameter called
stress intensity factor, which allows simpler analysis. Irwin studies
arise from the observation that a crack can propagate even for very
low stresses. Both Orowan and Irwin propose a modified Griffith the-
ory (Irwin, 1957). Irwin introduces the concept of strain-energy release
rate and fracture work rate. This study is based on the idea that when
a crack starts propagating, it is possible to equate the work of fracture
per units of extension and the velocity of disappearance of the strain-
energy of surrounding material. The strain-energy release rate controls
crack extension velocity. His aim is to describe this relation through
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elastic stresses and strains at the tip'. During crack extension, strain
energy is converted into thermal energy, with a certain rate and with
local plastic deformations. This energy release rate is called G, and
determines the tensile stress at the tip. Irwin aims at evaluating the
crack tip stress field. The model is a plate containing a straight crack,
which is sufficiently large compared to the plate thickness, so the con-
dition is plane stress. The assumption is that the crack evolves normal
to the tension, that is shear components are zero.

Stress field at the crack tip as solution of elastic problem: Airy
stress function

Irwin shows that the stress concentration at the crack tip is the solution
of an elastic problem, as the one described by Westergaard (Wester-
gaard, 1939). Considering a plane problem, the solution of the stress
function can be found if a stress function 1 is known. This is called
Airy stress function. In a stressed solid, in each point it is possible
to define the stress components. A plane stress condition implies that
0, = Tz» = Ty, = 0, while a plane strain condition means that ¢, = 0,
so that o, = v(o; + 0y). A plane problem may be described through
the equilibrium equations

0oy OTay

=0 2.8
ox oy (28)
00y OTyy
ox oy (2.9)
the cinematic equations
ou
= — 2.10
€x Oz ( )
v
ou  Ou
oy = — + — 2.12
Yo = 3y oa (2.12)
and constitutive laws
Eey =0, —voy (2.13)
Eey =0, —vo, (2.14)

INear the crack tip, some plasticity phenomena occur, but they are limited to
very small regions.
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being u = E/2(1 + v). By introducing the Airy stress function v, one
can states that the equilibrium Equations (2.8) and (2.9) are satisfied
if

0% 0% ¢

Substituting cinematic Equations (2.10)-(2.12) in constitutive Equa-
tions (2.13)-(2.15), we obtain the following differential equations:

ou  10*% vo*

9r E0p  Eoat (2.17)

ov  10% v %y

oy " B2 Loy (2.18)
2

du Ov_ 10% (2.19)

oz oy _; 0x0y

By differentiating Equation (2.17) in y twice, Equation (2.18) in z
twice and Equation (2.19) first in « then in y, we obtain:

u 10% v 0%

Oxdy? - E 0y*  E 022042 (2.20)
3 4 4

v _10W v o9 (2.21)

0x20y E Ox* E 0x20y2

Pu O3 1 0%
- =_= 2.22
Oxdy? + 0x20y w 0x20y? (2.22)

Substituting (2.20) in (2.22) we obtain:

1o% (1 v\ 0% &%

E oy <M - E) 920y T oatoy " (2.23)

Substituting (2.21) in (2.23), we finally obtain the following equa-
tion:

ou ot ot
Oyt 0x20y? ozt

Equation (2.24) represents the equilibrium condition in terms of
Airy stress function and it is equivalent to VZ(V2¢) = 0, i.e. rotrotE =
0.

Westergaard found a method to solve a class of plane strain and
plane stress problems. He defined a complex function by

(2.24)
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Z(z) = ReZ +iImZ (2.25)

with z = x + dy.

This function is required to be analytic, i.e. the derivative dZ/dz
must be defined and continuous, for each z. The derivability of a func-
tion of a complex variable is guaranteed by the Cauchy-Riemann condi-
tions, also known as monogeneity conditions, which express a necessary
and sufficient condition for the function to be holomorphic. Given a
generic function

f:A=>C

flxz+1iy) =u+iv

with x,y real variables and u, v real functions, the Cauchy-Riemann
equations state that the function is holomorphic on A <= it is differen-
tiable with continuous derivatives and verifying the following equations:

ou  Ov
— = 2.26
dr Oy ( )
ou v
—=—— 2.27
oy ox (2.27)
Within a complex plane, if the function is called Z, the same con-
ditions may be written as i% = %.

Considering the complex function Z(z) = ReZ +ilmZ, where z =
x + 1y, and replacing v by ReZ and v by ImZ, the Cauchy-Riemann
conditions are the following:

OReZ _0ImZ _ , dZ

= ay Rn (2.28)
dImZ  OReZ dz
% = 5y =Im_~ (2.29)

For problems of fracture, i.e. for the case of Mode I cracks, West-
ergaard proposed the Airy stress function as follows:

¥ = ReZ +yImZ (2.30)
where % = 2, % = Z, % = Z'. By using equations (2.16),

Westergaard obtained the stresses induced by the crack:

or = ReZ —yImZ' (2.31)
oy = ReZ + ImZ' (2.32)

Toy = —yReZ' (2.33)
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Figure 2.2: Straight crack within an infinite plate under biaxial tensile
stress: stress field at the crack tip.

For the case of straight crack of length 2a along the x-axis in an
infinite plate under biaxial tension o applied at far distances from the
crack (see Fig. 2.2), Westergaard gives the following solution:

o
(1= (a/z)*]"/>
This analysis has certain limits. As and example, if the crack prop-
agates rapidly, a dynamic-stress analysis is needed. However, Irwin
shows that the stress distribution near the crack tip may be expressed
independently of uncertainties of magnitude of the applied loads. Con-
sidering the Westergaard solution, he substitutes the variables

Z(2) = (2.34)

a+re? (2.35)

and for the case of infinite plate under biaxial stress with straight
mode I crack (see Fig. 2.2), he obtains the following stress fields:

EG\ ? cosf/2
Op = <G> cos 0/ (1 — sin 4 sin 30) —0 (2.36)
T V2r 22
EG\ * cos/2 0. 30
oy = <7r) Jor (1 + sin o sin 2) (2.37)

Toy = EG\? cos0/2 sin 0 cos 0 cos 30 (2.38)
™ N R R R
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G represents the energy exchange from mechanical or strain energy
to thermal energy, occurring during crack propagation. It is associated
with unit extension of the crack, and may be seen as the force which
tends to extend the crack. Solutions of Equations (2.36),(2.37) and
(2.38) are referred to a parabolic shape for the crack opening profile,
near the crack tip. Irwin moves within an elastic frame, since he states
that local stress relaxation and crack opening distortion by plastic flow
do not change the loss of strain energy by an appreciable amount. The
term (EG/7)'/? is named stress intensity factor, also known as K, for
fracture mode I. By introducing K7, he obtains:

K; 0 6 . 360
Op = cos=|1—sin=-sin— |—o 2.39
vV anrr 2 < 2 2 ) ( )
K; 0 6 . 30
= 5 — [ 1 4 sin — sin — 2.40
oy \/%0052< —|—51n2sm2> (2.40)
K 0 0
L sin - cos — cos — (2.41)

N e R R

The compact expression of Equations (2.39)-(2.41) is the following:

B \V2mr

K represents the stress amplification occurring at the tip due to
the presence of a crack, and it allows explaining why in brittle mate-
rials rupture occurs even for very low stress values. For a particular
location of the crack, represented by r and 6, the stress intensity factor
can be evaluated. This allows calculating the stresses near the crack
tip through the linear elasticity theory, i.e. through Equations (2.39),
(2.40) and (2.41), if the stress intensity factor is known. The values of
G can be calculated experimentally by measuring local strain at certain
positions.

Equation (2.42) has evidently some limits of application, since for
very small distances from the tip, i.e. for » — 0, the stress tends to
infinite, which is physically not feasible. On the contrary, for large
distances, i.e. for r — oo, the stress would tend to zero, and this is
also not real. Fig. (2.3) shows the stress component oy, normal to the
crack plane, for the case shown in Fig. (2.2).

Within an elastic problem, the stress must be proportional to exter-
nal load. Hence, the stress intensity factor K; must be proportional to
the applied stress o. Observing Equation (2.42), it is obvious that K
must be proportional to the root square of a length. We consider the
case of infinite plate, where the only length is the crack size. Therefore,
the stress intensity factor takes the following form:

Uij

fi;(0) (2.42)
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Figure 2.3: Stress field at the crack tip normal to the plane of the crack.

K] = AO’\/(; (243)

A is a dimensionless parameter depending on geometry. For the
case of straight crack in infinite specimen under biaxial stress (see Fig.
2.2), K; = oy/ma. This is also valid for the case of uniaxial stress
normal to the crack plane. Since now, we have considered the ideal
case of infinitely small crack compared to the plane dimension. For the
real case of finite crack size, a correcting factor needs to be inserted
for evaluating K;. This factor, named geometry factor or shape factor
Y, depends on the boundary conditions, i.e. on the geometry and on
loading conditions. For instance, a bending test reveals a different value
of the geometry factor compared to simple tensile tests.

Some cases of real cracks are semi-elliptical or quarter elliptical
ones, respectively for edge and corner cracks. Elasticity theory through
the work of Sneddon analyzed the case of a circular internal crack,
named penny-shaped crack, within an infinite solid subjected to uni-
form tension, giving the following expression for the stress intensity
factor: K; = (2/m)o/ma, i.e. K; =~ 0.6370+/ma. For an embedded
elliptical flaw, Irwin derived the following solution:

2 1
K= 2V (sin2 ¢+ = cos® ¢) (2.44)
C

3 ma?
8 + 8c?

For practical purpose, Equation (2.44) can be simplified for the case
of semi-elliptical surface flaw, which is quite common in real brittle
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materials. The stress in higher in correspondence to the minor axis,
ie. for ¢ =7/2:

gy\/TTa
3 ma?
T T8

K= (2.45)

For an edge crack, it was found that the value of K; can be obtained
by Equation (2.45) by using a correction factor, which is normally 1.12.

Hence, for a generic edge crack, the stress intensity factor takes the
following form:

K; =Yoyma (2.46)

where Y is the so called dimensionless geometry factor, or shape
factor. Crack systems in uniform loading differ only in the numerical
factor Y. For an edge straight crack of length a in a semi-infinite
specimen, the geometry factor is 1.12 (see Fig. 2.4).
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Figure 2.4: Edge straight crack of length a in a semi-infinite specimen.

A sharp crack induces a high stress concentration, which is directly
related to the shape of the crack tip. In this case, the geometry factor
takes a maximum value. It is easy to understand that a curved-front
crack is much less dangerous than a sharp one. Indeed, for a penny
shaped crack Y = 0.637. Since now we have considered the case of
cracks subjected to tensile stress applied to the edges of the plate. Nor-
mally in real experiments specimens are subjected to bending tests, i.e.
four-point or three-point bending tests, so that the loading condition
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is different and the geometry factor must take account of this. For
a four-point bending test, i.e. for a specimen subjected to two point
forces, each of P/2, the maximum stress is given by the beam elasticity
theory: o = 3Pl/4wd? and this formula must be combined with the
above-shown expression for K;. As seen above, Griffith proposed a
fracture criterion based on energetic principles, that is crack grows if
the energy required to form new crack surfaces can be provided by the
system. In a different way, but analogous, Irwin formulates a fracture
criterion based on the applied stress. He states that crack propagates
in an unstable way, i.e. fracture occurs, when the stress intensity factor
reaches a critical value K. known as material toughness, which repre-
sents the crack resistance of a brittle material and it is a material prop-
erty. The stress intensity factor can reach this critical value whether
the applied stress increases up to a maximum value o. or whether the
crack length reaches a certain amplitude. This latter case implies the
interaction between an even low stress and environment, i.e. chemical
corrosion allows the crack growing until a critical length a.. Hence,
Irwin fracture criterion may be written as:

K; > Ky, (2.47)

2.2.3 Equivalence between the two criteria

Irwin demonstrates that the two criteria, the tensional or local one for-
mulated by him-self, and Griffith energetic or global one, are equivalent.
In Griffith theory, the energy required for crack propagation must be
delivered as a release of elastic energy. Griffith criterion may be written
as:

ou ovu,
M _ =5 (2.48)

da oa
Crack extension may occur when the energy release G is equal to
the energy needed for crack extension, i.e. the energy needed for new

crack surfaces formation:

G oUs  0Unm
 Oa  Oa

The negative sign indicates that by diminishing potential energy, in
association with crack propagation, the energy release increases. The
mechanical energy released during crack growth, i.e. G, is indepen-
dent on loading configuration, as Lawn demonstrates (Lawn, 2004). Tt
can be seen as a force analogue to the surface tension. Methods for
evaluating G consist in analyzing the stress field at the crack tip. As
seen above, a stress function is searched which satisfies the biharmonic
equation which includes balance conditions, cinematic conditions and

(2.49)
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constitutive laws, in the respect of the boundary conditions. From
this stress function, it is possible to determine stress and displacement
components. For infinitely narrow cracks, this analysis reveals some
problems. The first analysis of a stress-function for these cracks are
due to the work of the elasticians, as Westergaard and Muskhelishvili
(Westergaard, 1939), leading to the Irwin solutions, with the hypoth-
esis that the crack lips are stress-free. From the Airy stress-function,
Irwin deduces the stress and displacement field:

fij (0) (2.50)

K
u; = QEI\ﬁfw() (2.51)

where o;; represents the distribution of the stress field and it de-
pends on spacial coordinates. K; determines the intensity of the local
stress field and depends on the boundary conditions, i.e. on the applied
load and on the specimen geometry. This solution has a singularity for
r = 0, and this arises from the assumption that the crack is perfectly
sharp. Equations (2.50) and (2.51) can be applied at distances not too
small and not too large from the crack tip. K and G have been defined
without using any criterion for crack extension.

The energy release rate is related to stress as follows:

7r02a

E

G may be seen as the variation of total potential energy per units of
crack extension, i.e. the variation of total potential energy associated
with the process of opening of the crack of an amount of da. Griffith
energetic approach implies that for G > Gy crack propagates, where
Gy = o.2ma/E. Trwin tensional approach, on the other part, states
that fracture occurs when K; > K;.. Irwin demonstrates that the
energy release rate and the stress intensity factor are related through
the following expression:

G = (2.52)

KIc'2
E

for plane problems. This implies that the two fracture criteria are
completely equivalent. Both Gy and Kj. are material constant, since
within a linear-elastic framework they do not depend respectively on
the history of processes and on the loading histories. A demonstra-
tion of the equivalence may be found in some recent works on fracture
mechanics (Broek, 1974; Lawn, 1983). Irwin criterion is more easily
used for practical purposes since it is related to the applied stress and
the testing geometry, which are variables known in experiments. By

G. = (2.53)
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introducing the stress intensity factor, Irwin allows considering all real
cases.

2.3 Elasticity versus plasticity?

Since now, we have considered an ideal linear-elastic behaviour of brit-
tle materials containing flaws. In real cases, in a small region around
the crack tip, some plastic deformation and stress redistribution phe-
nomena may occur. To consider the global behaviour linear-elastic or
not depends on the size of the area around the crack tip where inelastic
phenomena take place. This area is known as process zone. Consid-
ering the specific case of glass, which is considered perfectly linear-
elastic until breakage, some recent works follow the hypothesis that a
non-negligible process zone is formed in glass during crack propagation
and they apply porous-plasticity models (Ferretti et al., 2011). In the
present thesis, glass behaviour is considered as linear-elastic, since it
follows some recent studies that experimentally revealed the existing of
a process zone but of an amount of few nanometers, which can be ne-
glected in a macro-micro analysis (Pallares et al., 2011). However, it is
interesting to give a short glance of the theoretical models of non-linear
fracture mechanics for generic brittle materials and for specific case of
glass.

2.3.1 NLFM

Even for non-linear processes, fracture mechanics provides two ap-
proaches, the tensional one, i.e. local approach, and the energetic one,
i.e. global approach. The tensional approach arises from the considera-
tion that in brittle materials some damage and microcracking processes
occur in a region around the crack tip, where defect, inclusions, voids
and other imperfections induce forces that tend to close the crack and
impede its propagation. This model is also known as cohesive fracture
model, and it takes account of non-linear and dissipative microscopic
phenomena occurring in the process zone around the tip. The size
of the process zone is determinant in the analysis, since if it is small
compared to the crack length, linear elastic model of LEFM can be
applied. On the contrary, if the process zone is not small compared to
the crack, it has to be properly modelled. The cohesive forces assume
their maximum value at the tip, as shown in Fig. 2.5.

Several models were provided for simulating the process zone, as the
one proposed by Baremblatt or Dugdale (Barenblatt, 1959). In recent
years, many efforts have been made in this direction, and a description
of the cohesive model has been recently provided. The main problem
is to determine the length of the process zone, since this knowledge
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Figure 2.5: Cohesive forces near the crack tip.

allows framing the cracking problem in a linear-elastic theory or in a
non-linear theory. Irwin proposed a method for evaluating the process
zone in ductile materials (Irwin, 1957) and some works apply his studies
to the case of quasi-brittle materials.

The second approach, that is the energetic or global approach, is
based on the so-called R—curve. These models extend Griffith energetic
criterion of LEFM for which fracture occurs when G = G¢ to the case
of materials where the resistance R to crack extension is not constant.
Fracture criterion becomes G = R.

Non-linear phenomena are normally induced by the presence of im-
perfection as voids, nucleations, microcracks. Depending on the size of
these heterogeneities, the material can be considered as homogeneous or
composite, i.e. discontinuous. Several micro-mechanical models have
been proposed for evaluating mechanical properties of heterogeneous
solids, as the homogenization techniques based on the Eshelby inclu-
sion, who considers an inclusion in an homogeneous infinite elastic solid
(see chapter 7).

2.3.2 Non-linear models for glass

As discussed above, a macroscopic analysis is not sufficient for describ-
ing glass behaviour, since its mechanical strength is highly affected by
the presence of initial flaws of micrometer size. Hence, LEFM provides
a more correct explanation for glass fracture behaviour, considering
the strong interaction between the specimen scale and the scale of the
defect. However, LEFM has some limits of applications, since in a ma-
terial such as glass a complete analysis should take into account even
the nanometer scale. Indeed, fracture is strictly connected with the
breakage of interatomic bonds. In addition, all the chemical processes
induced by the interaction with environment, occur at the level of the
atoms. At this low level, linear elastic fracture mechanics fails, since
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the proportionality between stress and strain from elastic theory im-
plies that the stress assumes infinite values at the very crack tip. Real
cracks are atomically sharp and propagate for successive rupture of the
bonds. In addition, LEFM, i.e. continuum theory, considers that the
region where separations occur is small, and this would imply a discrete
analysis. Experiments on glass show that real fracture energy is much
higher than the equilibrium surface energy of the theory, and this may
be explained if other dissipative mechanisms around the crack tip are
considered (Ferretti et al., 2011).

This is taken into account by two different approaches, in order
to solve the problem of infinite stress at the crack tip. The first one
is due to Barenblatt who considers the existence of surface cohesive
forces which create a bridge across the crack lips (Barenblatt, 1959).
In this model, the stress is finite at the crack tip or, equivalently, the
opposite sides of the crack are smoothly connected at their ends. The
second approach assumes that fracture is controlled by bulk dissipation
properties. Hence, the applied load induces microvoids and microcracks
in a small region around the tip which form the main crack, and this
process is accompanied by the formation of a damaged zone. This is
typical of ductile materials as metals or quasi-brittle materials, but in
recent years several authors state that the process zone exists even in
glass and ceramic materials, even if the spatial scales are lower. The
formation of a plastic process zone has been witnessed by observations
through atomic force microscope (AFM), which confirm the hypothe-
sis that a plastic deformation takes part of the energy balance in the
fracture process.

In each case, the uncertainties are about whether or not the crack
is atomically sharp or whether the process of separation of the crack
occurs at the very tip or in a wider region around it. The two ap-
proaches state that plastic process occurs respectively at the crack
surface, through cohesive forces, and in a bulk neighborhood of the
tip process zone. The question is still open and shows a high inter-
est for all those authors who aim at correctly modelling glass fracture
behaviour.

A recent work (Pallares et al., 2011) experimentally proves that non-
linear processes occur in a region of less than 10nm, so for microscopic
and macroscopic analysis, glass behaviour can be considered as linear-
elastic.

2.4 Focal points
e LEFM takes origin from Griffith studies, who proposes an ener-

getic fracture criterion, on the basis of mathematical theory of
elasticity;



28

CHAPTER 2. REFERENCE THEORY: LEFM

Griffith criterion allows solving the incongruence between the-
ory and experiments, which registered strength values relevantly
lower;

Griffith chooses glass as isotropic material obeying to Hooke’s
law, since its structure provides simpler analysis;

Griffith theory goes beyond the limits of molecular theory and
it identifies the presence of flaws of few pm as the cause of low
strength;

On the basis of previous studies by Inglis, Griffith provides a
fracture criterion consistent with the real brittle behaviour;

Crack advances and fracture takes place when the energy provided
by the system is equal or exceeds the energy required for crack
propagation;

Later, Irwin proposes a tensional criterion for fracture, based on
the concept of stress intensity factor, which represents the stress
amplification at the crack tip and depends on flaw geometry and
on boundary conditions;

Irwin criterion represents the solution of an elastic problem, by
introducing the Airy stress function;

For the tensional criterion, crack advances when the stress inten-
sity factor reaches a critical value, called material toughness;

The two criteria, the energetic one and the tensional one, are
demonstrated to be equivalent, by introducing the energy release
rate concept;

LEFM is framed within a perfectly linear-elastic context. How-
ever, in a small region around the tip, some irreversible processes
take place;

Some models consider non-negligible the non-linear mechanisms
and even for glass non-linear models have been proposed;

A recent work demonstrated that the non-linear zone around the
crack tip is smaller than 10nm, hence for a microscopic/macroscopic
analysis glass can be properly considered as perfectly linear-elastic.
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Multi-physics coupling

3.1 Some preliminary definitions

In the previous section, the analysis of stresses at the crack tip implies
that the material is embedded in vacuum. However, in most of real
cases, materials are immersed in a chemically active environment, and
this cannot be neglected. In a recent work, an effort has been made
in order to include in fracture mechanics theory the chemical aspects
(Lawn, 2004). In another work, absorption of environmental particles
seems to play a relevant role by lowering the surface energy (Orowan,
1948).

Hence, in glass as in several other materials, some coupling mecha-
nisms between different disciplines may occur leading to failure mech-
anisms that cannot be limited to the field of mechanics. Multi-physics
coupling refers to all those cases where different physics interact, in-
ducing complex phenomena and also implying the interaction between
different scales. In fact, many of the elementary mechanisms occurring
at the small scales have a consequence on macroscopic behaviour. The
concept of coupling allows defining a coupled system. For system we
refer to a set of entities which interact. A coupled system is a set of
subsets which mutually interact through an interface. In a multiphysics
system, each system corresponds to a different physics. Multi-physics
coupling may assume two different forms. A strong coupling is a cou-
pling where each subset, i.e. each physics, is strongly affected by the
others. On the contrary, in a weak coupling only one physics strongly
affects the other, and the reciprocal is not verified.

29
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3.2 Examples of multi-physics coupling

Multi-physics coupling mechanisms are observed in several materials, as
alloys, ceramics, glass. All the mechanisms occurring at the small scales
have physical consequences on macroscopic behaviour. An example of
elementary mechanism occurring in alloys is dealloying, consisting in
a removal of one element from an alloy by corrosion processes. Alloys
are considered as bi-materials, since one part of them is affected by
corrosion and the other one is not. Corrosion mechanisms in alloys in-
duce fragilization processes. The local modification of the composition,
due to corrosion, corresponds to an evolution of material properties,
and this has consequences on mechanical behaviour. Other elementary
mechanisms are represented by voids, dislocations and cavities forma-
tion. It is clear that the interaction between different scales is strong.
In alloys, an example of multi-physics coupling mechanism is the inter-
action between small-scale oxidation-corrosion and macro-mechanical
behaviour. Mechanisms occurring at the level of the volume element
affect structural response. As an example, the evolution of chemical
composition, due to substrate oxidation, has a consequence on mechan-
ics, as occurs in the phenomenon of fluage, since during oxidation the
medium becomes porous. Some of mechanical consequences of this are
decrease of elastic slope and decrease of rupture deformation. Another
example of elementary mechanism is intergranular oxidation, which is
a damage distributed in homogeneous way and which decreases tensile
properties. Interaction between oxidation and deformation is known as
cracking-assisted oxidation.

Temperature has a relevant role in multi-physics coupling mecha-
nisms.

Another form of coupling occurs between electro-chemical potential
and structure. Tests show that in areas subjected to tensile stress
intergranular corrosion occurs. Hence, corrosion potentials are localized
in function of the nature of the stress. This means that stress has an
effect on surface electro-chemical potential.

Corrosion process has also consequences on structure mechanics.
For instance, when a void is filled by an Hydrogen or Oxygen atom, a
new thermal equilibrium holds.

Multi-physics coupling mechanisms also affect polymers, with conse-
quences on durability and lifetime, since chemical modifications change
mechanical properties. In particular, polymers are characterized by
a strong coupling process between mechanical properties and environ-
mental chemical degradation. During chemical degradation, a fragiliza-
tion process occurs. Polymers composed by long molecules chains have
high mechanical qualities while a short chain causes brittleness. Two
phenomena of modifications of mechanical properties can be observed.
The first one is a physical ageing, which induces reversible changes by
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Figure 3.1: Arrhenius law for failure time as function of temperature
(straight line).

modifying the mobility of chains and does not affect the chemical struc-
ture. An example of consequence is vitreous transition change, which
implies that the polymer may change from rubber to glass state. An-
other consequence may be a decrease or increase of Young modulus or
of yield properties. Some causes of physical ageing are molecules that
enter inside the polymer, as water for instance. Water absorption may
have consequences on visco-elastic properties.

The second type of mechanism is chemical ageing, which induces
irreversible modifications of chemical structure and is a consequence of
the environmental attack. In this case, material structure is modified
irreversibly, and this type of ageing induces breakage in polymers. Some
examples are thermal oxidation, that is interaction between tempera-
ture and Oxygen, or hydrolysis, that is interaction between temperature
and H,0 molecules, or even photo-oxidation, induced by exposition to
solar energy.

Fig. 3.1 shows that for thermal oxidation, Arrhenius' diagram is
not valid anymore. Arrhenius law, represented by the straight line,
shows the dependence of failure time ¢tz on absolute temperature 7"

tF = tFoexp(E/RT) (31)

L Arrhenius chemical kinetics theory will be discussed in the next section.
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Arrhenius approach is not good prediction when oxidation occurs.

Hydrolysis is an example of bonds rupture and chain scission in-
creases with exposition time. Chemical ageing induces bonds breakage
with a consequent fragilization process.

Fig. 3.2 represents some possible coupling effects.

Fatigue

Stress-corrosion
Fluage
Corrosion
Oxidation
Thermal ageing

Stress-corrosion assisted by
irradiation or temperature

Figure 3.2: Example of multi-physics coupling between mechanics, ma-
terial properties and environment.

Defect or void propagation is an example of microstructure evolu-
tion. At very low temperatures, the mobility of defects is very weak.
These phenomena involve several spatial scales, and an effort in link-
ing different scales is made by multiscale models. Microstructure de-
formations, as dislocation processes, have effect on macro-mechanical
properties. Each mechanism, carrying a characteristic time, requires
an adequate model and all different models need to be related.

3.3 Multi-physics coupling in glass

It is widely discussed that one of the strongest cause of glass failure
is a coupling process between mechanical tensile stress and environ-
ment, also known as stress-corrosion, to which the next section will be
dedicated. In particular, water molecules tend to fill the voids around
the microscopic initial flaws and react with glass structure reducing
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its strength. This corrosion effect is highly increased by temperature.
Many recent works aim at understanding the ambiguous role of water
at the very crack tip (Pallares et al., 2011; Wiederhorn et al., 2011).
These works perform experimental studies at the nanoscale on silica
glass, where environment corrosion is easier to observe, since there is
not corrosion by Sodium molecules as in soda-lime silica glass, but only
by water. Silica glass corrosion by water is represented by an hydrolysis
reaction. At room temperature and with no stress, corrosion has very
long term effects, i.e. several years.

logv

Subcritical propagation
without water

Effect of
water

/
KI

Figure 3.3: Crack propagation velocity versus stress intensity factor,
in the presence of water.

Fig. 3.3 shows crack velocity, that is corrosion rate, versus stress
intensity factor K;. The dashed line would represent the inert condition
of crack propagation with no water content in the environment. The
continuous line represents the effect of water, which increases velocity
by parity of stress. Around the process of water diffusion at the crack
tip, there are different theories about whether or not the stress induces
water penetration (Wiederhorn et al., 2011; Tomozawa, 1998). Another
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coupling effect observed in glass is known as capillary condensation of
water molecules inside the porous around the crack tip (Pallares et
al., 2011). Physical water condensation, at the molecular scale, has
relevant mechanical effects, by inducing a negative pressure that tends
to close the flaw.

Water plays a central role also in crystalline solids, since the dif-
fusion of Hydrogen at the scale of the grains induces a fragilization of
the material. In a crystal, the Hydrogen decreases the surface energy,
and this accelerates the formation of voids, leading to intergranular
breakage. The mechanism of fragilization due to Hydrogen is affected
by the heterogeneity of a material structure, at the scale of the grains.
Crystals are composed by grains, so they have a microstructurale het-
erogeneity, which causes heterogeneity of mechanics fields.

Once stated that physical coupling process appears as a relevant
mechanism in glass, it seems necessary to take it into account for a
complete understanding of the phenomenon of microcrack propagation
that leads to macroscopic fracture.

3.4 Focal points

e The analysis of stresses at the crack tip implies that the material
is embedded in vacuum. However, in most of real cases, materials
are immersed in chemically active environment;

e The interaction between mechanical stress and environmental at-
tack is one example of multi-physics coupling mechanisms;

e These mechanisms imply a strong interaction between different
physics and different spatial scales;

e Multiscale and multiphysics modelling allows considering this in-
teraction;

e Multi-physics couplings are observed in alloys, polymers, ceram-
ics, glass;

e Interaction between water absorption, inducing chemical degrada-
tion, and mechanical properties is an example of coupling effect;

e Temperature plays a relevant role since it accelerates coupling
mechanisms;

e For a complete understanding of glass behaviour, it is necessary
to consider these coupling effects, which in the case of glass are
mostly represented by stress-corrosion mechanisms.
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Stress-corrosion in glass

4.1 Stress-corrosion mechanisms in glass

4.1.1 Swubcritical crack propagation

Irwin fracture criterion from LEFM, as discussed in chapter 2, states
that failure occurs, in brittle materials, when the stress intensity factor
reaches material toughness K;.. However, in glass as in other materials,
fracture may occur even for levels of the stress very lower than the
critical one, i.e. for K; < Kj.. In this case, macroscopic failure is
induced by subcritical microcrack propagation, which is a consequence
of a combination between the stress amplification at the crack tip and
a strong interaction with surrounding environment. This phenomenon
is known in the literature as stress-corrosion and is widely illustrated in
some recent works (Ciccotti, 2009; Gy, 2003). Stress-corrosion provides
an explanation for a macroscopic phenomenon registered during tests,
i.e. a delayed failure occurring in a glass element subjected to a constant
stress even very low, as for example self-weight. Hence, exposure of
glass to a chemically active environment reduces its strength.
Stress-corrosion chemical-physical reactions are triggered by water
molecules contained in moist air or by liquid water when glass is plunged
in a liquid. Due to the high hydrophilic nature of glass surfaces, water
tends to chemically react with glass atomic structure in a small region
around the crack tip. Even if the applied stress is low, the presence
of the crack acts as stress concentrator at its tip, and this accelerates
water-glass reactions. In stress-free states, one should wait several years
for observing the effect of a chemical corrosion. Most of the works on
stress-corrosion investigate mechanisms occurring in silica glass, which
is mostly composed by SiO, tetrahedra, where Silicon and Oxygen
atoms are connected by covalent bonds. The main chemical reaction
occurring in silica glass in presence of water is a hydrolysis reaction:

35
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Si— 0 — Si+ Hy0 +— 2(Si — OH — Si) (4.1)
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Figure 4.1: Water-glass reaction in silica glass.

Fig. 4.1 shows the typical reaction occurring in silica glass, whose
simple structure and composition allow focusing on stress-corrosion
complex mechanisms and provide a high resistance to corrosion. On
the contrary, soda-lime silica glass, whose structure contains Silicon-
Oxygen tetrahedra and several other molecules, has a low corrosion
resistance, since corrosion comes not only from water molecules but
also from other molecules as Sodium. However, this latter type of glass
is the most common in building, and this work aims at investigating
its response to stress-corrosion. In soda-lime silica glass, when a crack
is formed, fresh fracture surfaces in contact with water undergo an ion
exchange reaction, in which alkali ions in the glass exchange with Hy-
dronium ions in the water, leaving hydroxyl ions behind to create a
basic solution (Wiederhorn et al., 2011). As a consequence, the pH can
get very high, also around 12, and it is known that solutions with a pH
greater than 9 can corrode glass. On the contrary, silica glass contains
no mobile ions and cannot have the crack tip stress field resulting from
an ion exchange process. Tests indicate that the pH of silica glass in
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water is & 5, too low to cause corrosion. Hence, the only reaction is an
hydrolysis reaction.

4.1.2 The central role of water in stress-corrosion
reactions

First, it should be interesting to make a distinction between physical
variables which play a role in stress-corrosion process. As mentioned
above, water has a central role, since H,O molecules tend to fill the
micropores existing in proximity of the flaw apex, where they undergo
a capillary condensation, assuming the form of liquid water (Pallares
et al., 2011). Once the vapor has become water, it is able to chemi-
cally react with glass around the crack tip, and this reaction is highly
stress-enhanced. Several works observe that stress-corrosion reaction is
thermally activated. Hence, also temperature plays a relevant role, but
in a different way compared to water, since it accelerates water-glass
corrosion, where water is the main subject. In the literature, there are
still open questions on how water enters inside the flaw. As will be
discussed later, some recent theories provide an interesting explanation
for which water penetration is enhanced by stress (Tomozawa, 1996).
Water-glass interaction is still under investigation (Wiederhorn et al.,
2011) as well as what really occurs at the microscopic scale (Charles
and Hillig, 1962; Tomozawa, 1996). In addition, there are some di-
vergences on the physical mechanisms occurring at the tip, since some
theories state that water condensation tends to physically change the
crack tip geometry (Charles and Hillig, 1962). On the role of water,
some recent interesting works provide the hypothesis that water capil-
lary condensation occurring inside the flaw tends to exercise a negative
pressure, that is a tension, called Laplace pressure, which tends to close
the lips of the flaw (Pallares et al., 2011; Wiederhorn et al., 2011).
Fig. 4.2 shows the effect of water capillary condensation, whose
extension is a critical length L. Water undergoes condensation where
the lips of the crack are at a distance lower than the critical distance
H,.. There is a relation between critical length and critical height of
condensation, as discussed in the same work (Pallares et al., 2011). As
evident in the figure, water has the physical effect of making the crack
lips closer, and this may have a different effect whether the state is
stressed or stress-free. Indeed, crack sharpening due to Laplace pres-
sure would induce a relevantly higher stress concentration at the tip,
represented by K, when the solid is subjected to a tensile strength.
Hence, capillary condensation would accelerate crack propagation in
this case. On the contrary, in a stress-free state, Laplace pressure would
induce a natural closure of the crack, inducing a phenomenon known
in the literature as crack healing. Indeed, experimental tests show that
specimens plunged in water with no stress application present a par-



38 CHAPTER 4. STRESS-CORROSION IN GLASS

Figure 4.2: Water capillary condensation inside the microcrack (Pal-
lares et al., 2011).

tial strength recovery, due to crack closure. This is a very interesting
matter, and many questions are still open on whether this water pene-
tration is induced by stress or not (Tomozawa, 1996; Tomozawa, 1998).
This thesis concentrates on water-glass reaction in a stressed state.

4.1.3 Influence of temperature and pH on water-
glass reactions

As it will be shown later, several experimental theories provide evi-
dence of the influence of temperature and pH on stress-corrosion reac-
tions (Wiederhorn and Bolz, 1970; Wiederhorn, 1971). It is well known
that glass is susceptible to corrosion by solutions with a high pH, as
mentioned before. Hence, corrosion rate increases when increasing pH.
Similarly, corrosion reaction velocity strictly depends on temperature,
since the process is thermally activated. In the following section, stress-
corrosion will be framed within the chemical kinetics theory, where ab-
solute temperature plays a central role. In a few words, independently
on temperature, water molecules physically enter inside the flaw. As
seen above, the physical effect is a negative pressure that tends to close
the crack lips. In addition, water electric structure is able to react
with glass 570, tetrahedra, and this chemical reaction is enhanced by
temperature. Simple tests show that specimens plunged in water, at
different temperatures, register different strengths, i.e. different corro-
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sion rates. The influence of temperature will be widely discussed in the
following part, and is crucial within a design context.

4.2 Stress-corrosion theories

4.2.1 Chemical kinetics

Stress-corrosion main theory, which was formulated by Charles around
1960, takes its origin from the chemical kinetics framework for a general
reaction, introduced by a work of Arrhenius of 1889 (Arrhenius, 1889).
Given a general chemical reaction, reaction rate k strongly depends on
temperature, and normally increases when increasing temperature. A
general rule is that, at room temperature, £ doubles or triples for each
10°C increase of temperature. In 1889, Arrhenius observed that for
many reactions the rate k obeys to the following law:

KT) = Ae(7#) (4.2)

where A and E,, are constants characteristic of the reaction, R is the
gas constant and T the absolute temperature. F, is called Arrhenius
activation energy, while A is a pre-exponential kinetic factor, with the
same dimension of k. The exponential term is dimensionless, hence E,,
has the dimension of [RT], i.e. energy per mole and is usually expressed
by kJ/mol or kcal/mol. Arrhenius law is derived by arguing that the
temperature dependence of rate constants would probably resemble the
temperature dependence of equilibrium constants. Van’t Hoff equation
describes temperature dependence of the ideal-gas equilibrium constant
Kp°, which is only function of 7' (Levine, 2009):

dinKp®  AH®
dT ~ RI?

where AH? is the standard enthalpy change for the ideal-gas reac-
tion at temperature T. For gases, pure liquids and solids, a standard
state of fixed pressure P° = lbar is chosen, so that Kp® depends only
on temperature. The general form for liquid and solid solutions depends
both on temperature and pressure, and differentiating with respect to

(4.3)

P gives:
OlnK?° AV?°
<3P> =T Rr (44)
T
where V° is the solution volume. For an ideal gas, dl”dlfco = IA{QI{,: ,

where K.° is the standard concentration equilibrium constant and AU®
is the change in standard-state molar internal energy for the reaction.
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The total energy of a body is E = K + V + U, where K and V are
the macroscopic energies, respectively kinetic and potential, which are
due to motion of the body through space. U is the internal energy, due
to molecular motions and interactions. By analogy to Equations (4.2),
(4.3) and (4.4), Arrhenius provided the following relation:

dink  E,
dt — RT?

(4.5)

By assuming that E, is temperature independent and by integrating
Equation (4.5), one obtains:

k= e_(ﬁ)ec (4.6)

where ¢ is the integration constant and is equal to InA. If a reac-
tion responds to Arrhenius law, logigk versus 1/T is represented by a
straight line. Let now spend a few words on the physical meaning of
the term F,. It represents the activation energy barrier, which has to
be exceeded for the reaction to be triggered. From Arrhenius law, it
is evident that a low activation energy implies a fast reaction. For a
general kinetic process, the general definition of F,, whether or not it
depends on T, is:

E,=RT*— (4.7)

Equivalently, the kinetic factor A is equal to ke(Fa/ET) A physical

interpretation for F, is given by the following theorem: in a gas-phase
elementary bimolecular reaction, ¢, = E,/N4 is equal to the total av-
erage energy of the pairs of reacting molecules which are being involved
in a reaction minus the total average energy of all the pairs of reacting
molecules. An interpretation is that two molecules colliding require a
certain minimum kinetic energy of relative motion for starting to break
the bonds and form new products.

Arrhenius equation is valid for almost all the homogeneous elemen-
tary reactions and for several composite reactions. In his theory, both
A and E, are constant. More sophisticate theories provide a similar
equation where the two terms depend on T as follows:

AE,

k~CT™m™e™ RT

(4.8)

where E, = E, — mRT. As will be discussed later, stress-corrosion
reaction occurring in glass may be derived by Arrhenius equation con-
sidering the case of temperature dependence of E,.
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4.2.2 Charles studies: the basis of stress-corrosion
theories

In 1958, Charles formulated a theory that became the principal expla-
nation for delayed failure phenomenon in soda-lime silica glass, through
two contemporary works (Charles, 1958a; Charles, 1958b). In the first
paper, he studies water vapor corrosion of soda-lime silica glass, by
proposing a dissolution mechanism, where the initial phase of water
corrosion is represented by an alkali ion self-diffusion that breaks the
glass network. From experiments, Charles observes that a glass network
expansion increases corrosion rate. Asymmetric expansion conditions
around the flaw surface induced by the applied stress induce the growth
of the defect in a preferred direction, causing a delayed failure effect.
In previous studies, atmospheric water vapor was shown to be the most
relevant factor in delayed failure (Baker and Preston, 1946). In his first
work, Charles studies both chemical and mechanical aspects of delayed
failure.

Chemical aspects

The effects of water vapor on alkali-silica containing glass are repre-
sented by an acceleration of the corrosion process, with a consequent
loss of coherence and a strong volume expansion of corroded material.
The entity of these effects depends on glass composition, temperature,
exposure time. To validate his theory, Charles performed series of ex-
periments on soda-lime silica glass specimens subjected to water vapor
and to dry vapor at different temperatures and for different time in-
tervals, observing a temperature and time dependence of the depth
penetration of corrosion layer. After a certain time, penetration rate
undergoes an acceleration and becomes the dominant process. This
time increases when decreasing temperature, since at high temperature
levels the corrosion process is fast and dominates failure mechanisms
almost from the beginning. Glass is shown to be corroded both by wa-
ter and water vapor, and alkali containing glass, when exposed to water
vapor, even at low temperatures, undergoes decomposition. Charles an-
alyzes the chemical reactions occurring between glass and water, where
two structures play a dominant role. The first one is the unending sil-
ica network, the second one is the terminal structure which associates
alkali ions to the silica network. Glass structure degradation is strictly
dependent on terminal structures, and this justifies the different corro-
sion behaviour between pure silica glass and soda-lime silica glass. In
describing dissolution reaction, Charles take account only of the termi-
nal end associating Na™ ions to the network, since they play a central
role. The dissolution reaction may be expressed as follows: the first
step is a hydrolysis reaction,
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Si— 0 — Na+ HO — SiOH + Na©™ + OH~ (4.9)

where a Na* ion migrates breaking an O — Na bond, and to this
follows that the free oxygen atom dissociates one water molecule by
assuming an hydrogen ion, with the formation of a free hydroxyl ion
OH~. In a second step, the free OH ™~ ion creates a new bond with
Si04 tetrahedra:

[Si — O — Si] + OH™ — SiOH + SiO (4.10)

The strong bond in silicon-oxygen tetrahedra breaks and an extreme
of the broken bond becomes a silanol SiOH, while the other produces
an end structure SiO~, which is capable to dissociate another HoO
molecule:

SiO™ + HyO — SiOH + OH~ (4.11)

Hence, the reaction between one silicon-oxygen tetrahedron and one
water molecules creates two silanols SiOH. For each Na™ ion disso-
ciated from silica, an hydroxyl ion OH~ is formed, and this increases
the pH of the corrosion layer, producing an acceleration of the corro-
sive process. The first step of the hydrolysis reaction acts as a trigger
for alkali-silica glass dissolution in water vapor, and the reaction is
temperature dependent, as shown in Fig. 4.3.

PENETRATION OLPTH (MLS)

TIME (M)

Figure 4.3: Temperature dependence of corrosion penetration in soda-
lime glass (Charles, 1958a).
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Corrosion of soda-lime silica glass in a steam phase is highly faster
than corrosion in water phase, by parity of temperature, and this is
due to the fact that in water phase a big dilution is possible with a
consequent slower increase of pH.

Mechanical aspects

A part from the concentration of reactants, a relevant role in reaction
rate of corrosion process is attributed to the structural state of glass.
Density is strictly connected to corrosion processes. Indeed, low density
glass structures, as the ones induced by elevate fictive temperatures?,
show expanded structures, while low fictive temperatures induce com-
pacted structures. It is easy to understand that in expanded structures
the number of Na™T ions in the interstices between silica tetrahedra is
relevantly higher inducing a low barrier energy FE, for diffusion, while
in compact glass the number of Na* ions is reduced. This ion produces
the major part of electrical, mechanical and chemical effects. Hence,
the chemical activity of expanded glass is much higher compared to
compact glass. Structural expansion may be induced not only by high
fictive temperature but also by relevant triaxial tensile stresses of me-
chanical origin. Therefore, a stress state can induce Na™t ions migration
from the interstices with the above-shown chemical effects.

Finally, Charles explains why in an isotropic material as glass, crack
tends to propagate in a preferred direction. This is due to the fact that
asymmetric stress fields form around the defect, and these fields, in
addition to corrosion mechanisms which are stress-dependent, induce
crack propagation.

Charles stress-corrosion model

In the second of the two works presented in 1958, Charles illustrates a
model for corrosion rate causing delayed failure 2. Chemical reaction
rate is affected by stress conditions around local areas and by tem-
perature, pressure and composition of the surrounding environment.
Self-diffusion of Na™ ions in bulk glass is temperature dependent, and
causes the low long term strengths of glass. In this work, Charles
presents experimental results from four-point bending tests performed
on soda-lime glass of known chemical composition (Si0s 72%, NasO
17%, CaO 5%, AlsO3 and M gO), in a temperature range varying from
—170°C' to 242°C. He obtains delayed failure curves from different
temperature, as shown in Fig. 4.4.

IThe fictive temperature may be defined as follows: by instantaneously changing
the temperature to the fictive temperature, material properties are in equilibrium.

2He continues writing about ‘delayed failure’. The term stress-corrosion’ will
appear in a later work.
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Figure 4.4: Delayed failure curves for soda-lime glass (Charles, 1958b).

At T = —170°C no delayed failure is registered, since failure is
independent of time. Charles refers to Inglis theory, where for an elliptic
flaw tip the following relation states (Inglis, 1913):

1
2 _9(2) (4.12)
oA p

where o, is the stress at the tip, o4 the applied stress, a the flaw
depth and p the radius of curvature of the tip. Through Griffith fracture
criterion and Orowan developments (Griffith, 1921; Orowan, 1948) the
critical stress is equal to:

1

- UAQ(a;T)§ (4.13)

Charles bases on these theories by assuming that delayed failure is
caused by a flaw propagating for corrosive mechanisms with constant
and of atomic dimensions root radius. He assumes a simple general
relation which expresses penetration rate of a flaw as function of the
stress at the tip op:

vy = f(ovip) + k1, T fized (4.14)

where v, is the crack propagation velocity in z direction, which
corresponds to the corrosion rate in the same direction, f is an unknown
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function of the stress at the tip and kq is the zero-stress corrosion rate.
For o4 = 0, crack velocity v, is equal to the zero-stress corrosion rate
k1 and assumes its minimum value. Charles makes then an important
assumption, that is he supposes that the unknown function f is conform
to an arbitrary power function of stress, within the high stress ranges
around the flaw:

vy = ko(oup)” + k1, T fived (4.15)

where ko and n are constants.

This theoretically assumed law is shown to be consistent with ex-
perimental results and gives the basis of a power-law function that
is commonly used in design predictions, as will be discussed in later
sections. By using Inglis relation (see Equation (4.12)) and Griffith
criterion (see Equation (4.13)) in order to avoid stress terms, and by
assuming that temperature dependence of growth process of the flaw
follows Arrhenius law, he obtains a law of crack velocity as function of
temperature:

0 (T) = Ak (= )%4—1@1}@_% (4.16)

cr

since oyip/0er = (a/acr)l/g. The assumption is on the one hand that
the critical stress at the tip is constant within the temperature range, so
it can be included in the constant term, and on the other hand that the
activation energy can be applied both in a stress-activated corrosion and
in a stress-free corrosion. For delayed failure to occur, stress-activated
corrosion must exceed the ordinary zero-stress corrosion, and then crack
velocity becomes:

v (T) = B( a )Ze*% (4.17)
Aer

where B = k3A. For n big, delayed failure effects are reduced,
and for n — oo crack growth occurs only when critical conditions are
reached. From experimental results, n seems to be around 16, for
delayed failure mechanisms.

In a later co-work presented with Hillig, Charles describes the kinet-
ics of stress-corrosion, as a generalization of Arrhenius chemical theory
(Charles and Hillig, 1962). If delayed failure is the macroscopic phe-
nomenon observed, stress-corrosion represents the microscopic physical-
chemical process causing delayed failure. In this interesting work, he
postulates that the time dependent rupture of glass under stress and
in a given environment is due to an alteration of the geometry of sur-
face flaws, by corrosion or dissolution reaction. Some previous theories
had focused on the effect of water on cracked surfaces, as the one as-
sumed by Joffe in 1924, who postulates that uniform surface dissolution
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blunts surface cracks (Joffe, 1924). Joffe shows that normally brittle
alkali halides can behave in a ductile manner by immersion of the crys-
tals of these salts in warm water during loading. He assumes that
the original crystals contain microcracks on their surface, and water
dissolves the cracked layer, by leaving a non-cracked surface, and this
induces a strength increase. Then water has the effect of levigating the
cracked surface. In further works, it was shown that the exposition to
a chemical environment induces a strengthening of the crystal by an
embrittlement (Parker, 1960).

Also Charles states that, in stress-free conditions, surface blunting
reduces cracks and their effect of stress concentrators, with a conse-
quent strength increase. In addition, Charles assumes that, on the
contrary, when the cracked surface is subjected to tensile stress and
the rate of chemical attack is sensitive to the stress state around the
crack, the corrosion reaction induces a crack sharpening, that could
lead to rupture. This was not clear before this work. Charles as-
sumes a given dependence of corrosion rate on stress and he assumes
that the stress distribution around the flaw is the one given by In-
glis (see LEFM, chapter 2) and he proposes a mathematical model for
stress-corrosion, considering glass as elastic isotropic. Charles models
an ideally elastic isotropic solid reacting with environment, and this
reaction is considered as thermally activated and in each point the re-
action rate is determined by the local thermodynamic driving force and
by local perturbations of the energy barrier that has to be exceeded for
the reaction to occur. Hence, he states that the reaction rate is not
controlled by transportation of the reactant on the reaction site and
the local corrosion rate may be affected by the local stress state and by
the excess of surface free energy. Charles model is in continuity with
Arrhenius chemical kinetics (see previous section), since he expresses
the activation energy F, as function of applied tensile stress o by using
a Taylor expansion:

OE,
Ea(0) = Bu(0) + 05 om0 + .. (4.18)

where the term 0F,/0c has dimension of a volume and is termed
activation volume V. FE,(0) is the ordinary, zero-stress, Arrhenius en-
ergy and includes both the chemical potential difference driving the
reaction and the energy barrier for the reaction species. Charles as-
sociates another term to the thermodynamic driving force, that is the
molar free energy contribution AF associated with the curvature of the
surface:

'V
p
where I' is the surface free energy, p the radius of curvature and Vj,

AF = (4.19)
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the molar volume. Finally, Charles expresses the local corrosion rate
normal to the crack interface as follows:

v = Ale—(Ba(0)+TVar/p—0V)/RT (4.20)

where A’ is a pre-exponential kinetic factor. In this relation, v
represents the corrosion rate and is a generalization of chemical kinetics
k of the Arrhenius formula (see previous section) who expressed the
rate of a general reaction in function of absolute temperature. It is
evident that in this equation the dependence of velocity on stress is
not a power law but an exponential law. Corrosion rate increases when
increasing temperature, in a non-linear way, and it is equivalent to
the crack propagation velocity. Hence, initial flaws propagate fast at
high temperature levels, and this velocity is as higher as the activation
energy lowers. In addition, the activation energy is reduced by the
presence of the stress, and this justifies the sign of the oV factor. This
means that, in a stressed state, the activation energy barrier that needs
to be exceeded for the reaction to be triggered is lower than in an
unstressed state, and so crack propagation is enhanced in the former
case.

In a few words, Charles states that the combined action between
stress and a reactive environment induces a change of flaw tip geome-
try, and this change determines local stress and local chemical potential.
On the other side, local stress and local chemical potential determine
a change in geometry. On the role of water at the crack tip, several in-
vestigations are still open. Both the power-law function (see Equation
(4.17)) and the exponential function (see Equation (4.20)) are shown
to be in agreement with experiments, so they can be considered as
equivalent. Starting from Charles delayed failure or stress-corrosion
studies, an experimental theory was formulated some years later by
Wiederhorn, giving the basis of the main glass lifetime prediction mod-
els (Wiederhorn, 1967; Wiederhorn and Bolz, 1970; Haldimann, 2006;
Overend and Zammit, 2012).

4.2.3 Wiederhorn experimental theory

Wiederhorn studies, consistent with Charles stress-corrosion theory, are
based on experimental results focusing on the influence of relative hu-
midity, temperature and pH of the environment surrounding a cracked
glass surface. Also glass chemical composition is investigated, since
experimental results show relevant differences between the different
glasses. In collaboration with Evans, he shows that both power law
and exponential law theoretically provided by Charles for crack propa-
gation velocity as function of stress intensity factor are consistent with
experimental data. As will be discussed in a further section, power
law relation provides simpler calculation for lifetime predictions, and
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for this reason it is the basis of current prediction models for glass.
Wiederhorn studies show a relevant interest for physical processes that
occur in stress-corrosion failures. His experimental theory has given a
strong basis for the present thesis, whose focus is mostly on chemical-
physical description of glass failure mechanisms.

In a first work, Wiederhorn focuses on the influence of water va-
por on delayed failure, through an experimental investigation carried
out by accurately measuring crack propagation velocity (Wiederhorn,
1967). From experimental results, crack velocity is found to be a com-
plex function of stress and water vapor contained in the environment,
since even small amounts of vapor react with glass under stress by
causing a delayed breakage. As Charles had stated, reaction velocity
with environment increases with stress. Two crack motions may be
observed, the first one represented by a slow crack growth induced by
chemical attack from environment occurring at the crack tip, i.e. sub-
critical crack growth, the second one is an unstable growth occurring
as the crack reaches its critical value, i.e. critical crack growth (see
Griffith’s theory, chapter 2). The two steps are shown in experimental
results from tests performed on microscope slides of known composition
(a specific soda-lime silica glass), where crack velocity v is measured
as function of applied force and environment, under a constant stress.
Fig. 4.5 shows crack propagation over time, for tests in air at relative
humidity RH = 50%.
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Figure 4.5: Crack propagation over time (Wiederhorn, 1967).

Through a series of experiments performed at different relative hu-
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midity conditions and at room temperature, he also provides an expla-
nation of the effect of water vapor on corrosion velocity, as shown in
Fig. 4.6 (left) where crack velocity (on a logarithmic scale) is plotted
versus applied force in function of water content in air. A distinction
is made between air with RH = 100% and water, but the slopes of the
curves are similar. Then he deduces that failure mechanism in water as
in moist air is the same. Even if probably the chemical activity of water
at the crack tip is different, it is possible to consider the two effects as
the same effect. As will be discussed later, this thesis is based on ex-
periments performed in water, and from Wiederhorn results it may be
assumed that water corresponds to a relative humidity value of 100%.
The curves of Fig. 4.6 (left) are obtained by interpolating experimental
results by the method of least squares.
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Figure 4.6: Crack velocity versus applied force at different levels of
water content (left); different regions for crack velocity versus stress
intensity factor (Wiederhorn, 1967; Evans, 1972).

From these experiments, Wiederhorn notices that crack motion is
complex and it strictly depends on the amount of moisture in the envi-
ronment. The trend of crack propagation velocity in function of stress,
given by experiments, can be generalized by a graph where three dif-
ferent regions appear, as shown in Fig. 4.6 (right). In region I, crack
velocity is dependent on applied force by an exponential law, that is
v = « expfP, where § is the slope of the curves. In Fig. 4.6 (left),
the different curves show the same slope, which is then independent
on relative humidity. On the contrary, the variation of the intercept
« is independent of moisture. By decreasing relative humidity, crack
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velocity decreases and the strength increases. Hence, in region I crack
motion is limited by the rate of reaction of water with glass at the
tip. Exponential dependence of region I is explained by the theory
of Charles and Hillig (see the previous section). Wiederhorn assumes
that in region I crack propagation is due to the corrosive attack of wa-
ter vapor on glass at the crack tip. Down to the limit of region I, the
crack is so small or the stress so law that no propagation is observed.
In region II, crack velocity in nearly independent of the applied force,
and this constant branch shifts depending on the water content. The
assumption is that in this region crack velocity depends uniquely on
water content, i.e. on the velocity of water transportation at the crack
tip. Hence crack motion is limited by the rate of transport of vapor
to the tip. In region III, crack velocity increases exponentially when
increasing the applied force, but the slope of the curve is relevantly
higher than the slope of region I. In order to explain this, Wiederhorn
assumes that in region III crack motion mechanism is independent on
water concentration in the environment, since the crack has reached a
critical length, or equivalently the stress has reached its critical value,
so that propagation is nearly instantaneous and does not depend on
environment any more. Wiederhorn provides a chemical explanation
for the three regions. From the theories of rate process, there are
three possible limiting steps for the chemically enhanced fracture pro-
cess: diffusion, chemisorption and chemical reaction. The latter two
are expected to depend on the stress at the crack tip. If fracture were
controlled by chemisorption or another chemical reaction, the crack ve-
locity is expected to be exponentially dependent on the applied force
(region I). By contrast, fracture controlled by the rate of water diffu-
sion is expected to be independent on the applied force, while diffusion
of gas reactants through surface does not depend on the stress state
of the surface. Since in region II crack velocity is nearly independent
on stress, one can deduce that in this region crack propagation rate is
controlled by the rate of water diffusion to the crack tip. From his ex-
perimental studies, he obtains that, at constant load P, crack velocity
in region I should depend on the partial pressure of water vapor to the

nt" power as follows:
o= 20 (4.21)
Pu,0

where pp,0 is the partial pressure of vapor and pf, , is the satura-
tion pressure. The ratio in Equation (4.21) represents relative humidity
of moist air. On a logarithmic plane, velocity dependence on RH is al-
most linear. For n, he found from experiments a range value of 0,5+ 1.
Basing on Charles and Hillig theory (see previous section), Wieder-
horn develops an equation of combined rate which takes account of
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experimental data of both regions I and II. However, there are some
discrepancies between theory and experiments, probably due to an un-
certainty on chemical reaction at the tip and on processes of transport
at the tip.

Other tests performed investigating the effect of temperature show
a consistency with Charles Equation (4.20) (Wiederhorn, 1967). From
these tests, Wiederhorn provides an experimental equation by neglect-
ing the terms of surface energy, which are small compared to the others,
and simply obtains:

v = voe~ Fa=Vo)/RT (4.22)

which describes properly results in region I. Since F, is a function of
environment, Equation (4.22) can be extended in order to take into ac-
count also the moisture content in environment. The activation energy
may be expressed as the difference in the chemical potential between
reactants and product of corrosion:

E, = pup"™ — pp — nitm,o (4.23)

where ;1 is the chemical potential of the activated state, up the
chemical potential of an initial bond, pm,o the chemical potential of
water and n is the number of water molecules required for the initial
bond B to be broken. He assumes that water behaves as a perfect gas:

wH20 = RT[®(T) + Inpy,o] (4.24)

where ®(T) is a function of temperature. By substituting the Equa-
tions (4.23) and (4.24) in the expression for crack velocity, Wiederhorn
obtains the following relation for crack motion:

v = ,UO(pHZO)ne—[ug—;LB—nRTd)(T)—UV]/RT (425)

In this way, the two dependencies of crack velocity, i.e. corrosion
rate, on water vapor and on temperature are separated. Water conden-
sation is governed by Kelvin equation:

ln(@): _2v (4.26)
p pRT

Few years later, Wiederhorn presents several experimental results
from tests performed on six glasses, investigating the influence of tem-
perature on corrosion velocity, that is on crack propagation (Wieder-
horn and Bolz, 1970). Tests were carried out by plunging the specimens
in water, in order to provide constant conditions of moisture. By mea-
suring crack velocity as function of stress intensity factor K (from
LEFM, chapter 2), glass composition and absolute temperature 7', he
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obtains for each test the activation energy E, and the activation vol-
ume V. Results are consistent with Charles and Hillig stress-corrosion
theory. Silica glass shows the highest resistance to corrosion, while
soda-lime silica glass the lowest one, and this is due to the sodium ions.
Tests were performed at 2°, 25°, 40°, 60° and 90°C'. The 2°C' tempera-
ture was reached with ice floating in water while the high temperatures
by heating a coat around the box containing water. Temperatures were
controlled at +£1°C. A similar procedure is proposed for this thesis, as
will be shown later. The independent variable is the stress intensity
factor for fracture mode I, K, which is proportional to the stress at
the crack tip and which allows eliminating defect dimension a and test-
ing geometry Y as experimental variables. Tests performed at the same
temperature (25°C) in water (RH ~ 100%) show the differences be-
tween four glasses (see Fig. 4.7).
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Figure 4.7: Crack velocity as function of K for four glasses (Wieder-
horn and Bolz, 1970).

Hence, glass chemical composition plays a relevant role in stress-
corrosion mechanisms and on crack growth rate.

As for the influence of temperature, Fig. 4.8 shows experimental
results for tests on soda-lime silica glass specimens, for three different
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temperatures. The slope of the curves is more or less the same, while
the intercept changes with temperature.
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Figure 4.8: Influence of temperature on crack velocity in soda-lime
silica glass (Wiederhorn and Bolz, 1970).

Moreover, the exponential dependence of velocity on Kj, which
characterizes fracture region I, belongs to a smaller range of velocity
when increasing temperature. Fig. 4.9 shows temperature behaviour
for soda-lime silica glass (left) and pure silica glass (right).

In silica glass, the curves are more compact and with a higher slope
and for higher levels of K;. From experimental results, Wiederhorn
obtains information on the processes activated during stress-corrosion.
His experimental data fit the empirical equation

v = vge~ (BambKD)/RT (4.27)

where v is crack velocity, vy, E, and b are experimental constants,
which he determines empirically by the method of the least squares.
Table represented in Fig. 4.10 shows the influence of chemical compo-
sition on these parameters.

Silica glass, compared to soda-lime glass, has higher values of activa-
tion energy F,, and this implies a higher resistance to stress-corrosion,
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Figure 4.9: Crack velocity versus K for soda-lime silica glass (left)
and silica glass (right) (Wiederhorn and Bolz, 1970).

see previous section. In a further chapter, it will be shown that the
empirical parameters of Equation (4.27) depend not only on chemical
composition but also, under a deeper glance, on environmental vari-
ables. Silica glass has a lower value for vy which is a kinetic factor and
implies that crack propagates more slowly. Wiederhorn investigates
the influence of macroscopic flaws, while glass strength depends on the
presence of small surface flaws, even smaller than 10um. Experimental
results agree with Charles and Hillig theory. All chemical reactions are
activated processes. So, also stress-corrosion is an activated process,
and the activation energy for the process is stress-sensitive, and the
reaction is faster where the stress fields are higher. Hence, water reacts
more rapidly at the crack tip where the stresses are higher.

Charles and Hillig provided a quantitative theory for stress-corrosion,
where v = vgexp(—FE, + Vo —T'Va;/p)/RT. This formula is valid for a
two-dimensional Griffith crack, where o = 2K;/,/mp. For high stresses,
a sharpening occurs and p decreases down to a limit given by glass
structure. This means that down to a certain limit, the term T'Vjs/p
is a constant independent of stress, and Charles equation becomes:

(=E;+2VK[//TP)
RT

v = g€ (4.28)

where E} = E, +T'Vyy/p, both terms non dependent on stress. By
defining a parameter b such as V' = b,/mp/2 Wiederhorn simply obtains
v = voexp(—E* + bK;)/RT. Hence, for high stresses, Wiederhorn
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E*(keal/mol) *

95

Glass (J/mol) b(mks units) In v,

Silica 33.1+1.0 0.216+0.006 —1.32+0.6
(1.391 E5)

Aluminosilicate I 29.0+0.7 .138+0.003 5.5%£0.4
(1.212 E5)

Aluminosilicate II 30.1+0.6 .164+0.003 7.9+0.3
(1.262 E5)

Borosilicate 30.8+0.8 .200+0.005 3.5x£0.5
(1.288 E5)

Lead-alkali 25.2+1.2 .144+0.006 6.7+0.6
(1.056 E5)

Soda-lime silicate 26.0+1.1 .110+0.004 10.3+0.5
(1.088 E5)

*Values given in J/mol in parentheses.

Figure 4.10: Values for the three parameters from tests performed on
six different glasses (Wiederhorn and Bolz, 1970).

experimental equation is equivalent to theoretical equation formulated
by Charles and Hillig.

Wiederhorn gives also a chemical interpretation for stress-corrosion,
considered as a stress-enhanced chemical reaction between water and
glass (Wiederhorn, 1971). In this theory, crack propagation is influ-
enced by the crack tip ion OH~ concentration. This hypothesis is
supported by the observation that experimental results are related to
pH measurements in glass and water. Measurements show that pH
varies with glass composition from 5 to 12, and this suggests a high
variation of pH at the crack tip.

The steps are the following: 1) chemical reaction occurs where the
stress is higher (tip of the crack); 2) crack grows due to the chemical
reaction; 3) crack reaches its critical length. Charles had stated that
hydroxyl ions attack glass network by leading to breakage of the silox-
ane bonds (Charles, 1958a), and glass is supposed to be susceptible to
corrosion by high pH solutions. Wiederhorn provides an experimental
study on the relation between fracture process in glass and hydroxyl
ion concentration in water, and he confirms the hypothesis that in
stress-corrosion process hydroxyl ions have a relevant role. The pa-
rameters which characterize the crack tip environment are a high ratio
crack surface-to-void inside the flaw and a leaching action of the en-
vironment on fresh fracture surfaces, which are formed during crack
propagation. Leaching experiments are performed by putting distilled
water (pH = 6 to 6,5) through ground glass, by accurately measuring
pH during water penetration. Water-glass reaction is observed as well
as the dependence of pH on temperature and on glass-to-void ratio.
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The pH seems to change relevantly with glass composition, more than
with temperature. The registered wide range of pH corresponds to a
wide range of environments at the crack tip. Fig. 4.11 shows the effect
of temperature on pH, and results are consistent with Arrhenius plot.

(A) TEMPERATURE,°C
50 40 30 20 10 50 40 30 20 10
T T T T T T T T T T
AH==1] kcal /mol AH=-10.5 keaol / mol
-8}~ ~3 - -np -
-9 \ — -2l —
e | \ d sk \ -
]
o X
L2 Ly -1a}- -
It SILICA BOROSILICATE
3 :
-9 AH=-4Tkcal/mol | =4 AH=-2.1 kcal/mol =
-0} *i*--...“_‘_ - -sl- ‘I“'-~_I 7
—3
-1l ALUMINOSILICATE I ¥ ol Leapawkau |
] 1 I: 't 1
1.6 L7 1.6 L7

1/RT, X 10° keal / mol

Figure 4.11: Effect of temperature on pH of ground glass (Wiederhorn,
1971).

The relation between pH and temperature has the following form:
In(OH™) = —a/RT, that is OH~ =exp(—a/RT). Where there is
a high concentration of alkali ions, pH strongly depends on chemical
concentration. Glass corrosion increases when increasing hydroxyl ion
OH ™ concentration. Charles suggests that hydroxylis reaction controls
the rate of breakage of atomic bonds during crack growth, hence OH ~
ion concentration at the tip is relevant to determine glass resistance to
delayed failure. Hydroxyl ion concentration at the tip is determined by
chemical reactions between glass components and chemical species in
solution which have been leached from glass. In highly alkali glasses,
the exchange between mobile alkali ions in glass and hydroxyl ions in
solution induces a strong concentration of hydroxyl ions at the tip.
Ion exchange is a type of hydroxyl reaction, and the pH at the tip
depends on the effective concentration of alkali-ions. The dependence
of hydroxyl-ion concentration on temperature can be affected by several
processes. Experiments confirm the relation

AH
OH™ = Ae” BT (4.29)
where A depends on the concentration of reactants and AH is the
slope of the curve OH~ wversus 1/RT. Fresh surfaces created by the
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fracture process play a relevant role in defining pH at the tip. From the
theory of chemical reactions one can derive the kinetic equations that
describe crack motion. If the bond-breaking reaction at the tip depends
on OH ™, the rate of chemical reaction v can be related to [OH ] and
to the effective concentration of siloxane bonds [C] at the tip:

kT i
v = (T) [OH_]”[C]e_(%) (4.30)
where k is the Boltzmann constant, h is the Planck constant, n
is the order of velocity limiting the chemical reaction and AG? is the

change in free energy. He finally obtain the theoretical equation

—aB 4+ (oavi )TV /p)
RT

v=B[OH |"e (4.31)

which has the same form of the experimental Equation (4.25). Hence,
chemical theory is consistent with results on crack velocity expressed
by the empirical law. The conclusion is that corrosion rate of a glass
surface in a stress-free condition is enhanced by the presence of hy-
droxyl ions on the surface, and crack velocity is equivalent to corrosion
rate. He finally relates results on crack velocity with crack tip envi-
ronment, confirming the hypothesis that OH ~ ions play a role in the
fracture process. He theoretically arrives to the crack motion equation
and proves that it is equivalent to the one experimentally founded.

Parallel to chemical considerations, Wiederhorn, in collaboration
with Evans, provides an empirical equation that has been used for
years in predictive models for glass (Evans, 1974; Evans and Wieder-
horn, 1974). In a previous work, Evans analyses crack velocity as func-
tion of stress intensity factor, referring to Wiederhorn studies. Slow
crack growth in ceramic materials can be described by crack veloc-
ity and stress intensity factor for a given microstructure and corrosive
species. The relation between v and K for each system depends on
concentration of corrosive species (water) in the environment and on
temperature and it is independent of crack length and testing condi-
tions. Evans provides a simple scheme of the three regions of crack
propagation, as shown in Fig. 4.6 (right), from Wiederhorn experi-
mental results on water vapor. Looking at the figure, K represents a
slow crack growth limit, which in other works is known as threshold and
is called Ky, while K. is the critical value that stress intensity fac-
tor reaches after subcritical crack propagation due to stress-corrosion
(regions I and II). After K reaches its critical value, also known as
material toughness, the crack propagates in an unstable way and rup-
ture is almost instantaneous. Evans shows as the exponential law that
describes crack behaviour in region I, as stated by Charles and Wieder-
horn (see Equations (4.20) and (4.27)) leads to difficult calculations,
in deriving failure time. Hence, for prediction purposes, he shows that
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another relation between v and K7 is required, also giving a good fit
to experimental results. The logarithmic relation as the one used by
Charles in 1958 (Charles, 1958c¢), that is v = k(oyp)"exp—E,/RT pro-
vides good approximation of experimental data, and a simpler form is
given by Evans, keeping v proportional to K™ as follows:

n
v K
o (K()) (4.32)
for K > K. As exponential law, also power law gives a correct fit
to experimental data and can be used for design purposes.
In a further work, Evans and Wiederhorn provide an analytical
accurate lifetime prediction based on experimental tests. In ceramic
materials, testing is determinant for giving predictions. As Evans had

stated few months before, in region I crack velocity can be expressed
as a power function of Kj:

v=AK} (4.33)

and it will be discussed in the following section that this power
law relation is the basis of the major part of current design models for
structural glass.

4.3 Focal points

e In glass, subcritical crack growth may occur, as consequence of
stress-corrosion mechanisms;

e Stress-corrosion is the explanation of macroscopic phenomenon
known as delayed failure;

e Corrosion process by environment is stress-activated and depends
on water content, pH and temperature;

e Soda-lime silica glass has a low resistance to corrosion, compared
to pure silica glass, and this is due to the presence of Sodium
ions;

e Water plays a central role in stress-corrosion, and investigations
on its complex effect as well as on the role of stress are still open;

e The chemical-physical effect of water has a different consequence
if the crack is exposed to tensile stress or not;

e The main stress-corrosion theory is formulated by Charles basing
on the chemical kinetics theory;
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e Charles studies provide two equivalent relations for corrosion rate,
a power-law and an exponential law, which both are shown to fit
experimental data;

e Wiederhorn provides an experimental theory on stress-corrosion
consistent with Charles studies;

e Power-law relation is the basis of the main glass lifetime predic-
tion models, since it provides simpler calculations.
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Chapter 5

Stress-corrosion and
lifetime

5.1 Static fatigue and lifetime curve

Stress-corrosion involves physical-chemical mechanisms occurring at
the very small scale (from nanometer to micrometer scale). At a small
scale, these mechanisms affect microcrack propagation velocity, as dis-
cussed in the previous section. The macroscopic and visible effect of
stress-corrosion, which can be empirically registered, is a reduction of
material failure time, that is material lifetime. A glass element, loaded
in vacuum, would show a lifetime relevantly longer than a glass element
tested in a normal environment as moist air. As already mentioned, a
macroscopic phenomenon related to lifetime reduction and induced by
stress-corrosion is delayed failure, that is a glass element subjected to
a constant stress does not fail instantaneously but after a time delay.
This means that the applied stress does not reach the critical value,
that would break glass immediately, but can also be very low, since it
is combined with the attack of environment at the crack tip. Stress-
corrosion is also the onset of a macroscopic mechanism known in the
literature as static fatigue, which is equivalent to delayed failure. Static
fatigue represents a strength decrease over time, and the term fatigue
does not refer to cyclic loading as in metals does. The strength de-
crease over time is clearly an effect of the interaction between stress
and a chemically active environment. The longer is the exposition of a
glass element to the environment, the shorter is its lifetime.

In my opinion, it is important to make a distinction between the
different mentioned mechanisms. In the literature, many authors write
about stress-corrosion, delayed failure, subcritical crack growth and
static fatigue as about the same phenomenon. However, the point of

61
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view is not exactly the same. Stress-corrosion is a micro-physical pro-
cess, consisting in an interaction between a tensile stress and a chemical
reaction occurring between glass and environment. This interaction in-
duces propagation of preexisting cracks even if the stress is far from its
critical value. Hence, stress-corrosion is the onset of subcritical crack
propagation. This latter, occurring at the scale of the flaw, induces a
reduction of failure time and is the cause of the two macroscopic phe-
nomena, delayed failure and static fatigue, which are equivalent one to
each other.

In the literature, static fatigue curves, i.e. curves of failure stress
(strength) versus time (load duration), were provided by Mould and
Southwick in 1959 (Mould and Southwick, 1959). These curves are
built on the basis of experiments carried out on soda-lime silica glass
specimens (microscope slides) immersed in distilled water at room tem-
perature, after subjecting the specimens to different surface abrasion
treatments. Cracks with different geometries produced differing static
fatigue curves at room temperature, but the authors provide a single
universal fatigue curve by dividing the strength values for each abrasion
by the low-temperature! strength for the same abrasion and plotting
it versus a reduced time. From experimental data, glasses with differ-
ent kinds of surface damage show not only different strengths but also
different ratios of long-to-short time strengths, which represent differ-
ent rates of static fatigue. The aim of this work was to evaluate the
effect of flaw geometry on strength and static fatigue. For each type
of abrasion, strength versus load duration is plotted, as shown in Fig.
5.1 (left). Strength is high for short-time loads and decreases when
increasing load.

Other tests performed in liquid nitrogen at low-temperature pro-
vided strength values in the absence of static fatigue. Each strength
value o obtained by the first tests is divided by the corresponding low-
temperature strength oy based on the data of tests in liquid nitrogen,
by using an adjusting parameter. By plotting the ratio o/oN versus
load duration, the differences in the static fatigue curves are reduced,
as shown in Fig. 5.1 (right). The horizontal line of the figure represents
load duration for a given ratio o/on corresponding to 0.5. For each
static fatigue curve, the duration corresponding to this ratio is called
to.5. By shifting horizontally the curves of Fig. 5.1 (right) so that all
the values of tg 5 coincide, the authors obtained a single static fatigue
curve, shown in Fig. 5.2.

Static fatigue curve has a relevant interest in design, since it en-
ables predicting how long a glass element will last, under a constant
stress condition, for a given environment and for known glass chemical
composition. In this thesis, static fatigue curve will be named lifetime

IThe low-temperature strength is independent of load duration, as resulting from
the tests.
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Figure 5.1: Strength versus loading time (left ) and normalized stress
versus time (right) (Mould and Southwick, 1959).

curve. Within a design context, it is important to be able to predict a
glass element lifetime. Also Wiederhorn provided static fatigue curves
for different glass compositions, as shown in Fig. 5.3 (Wiederhorn and
Bolz, 1970).

Equivalently, for a glass element to last a given time, static fatigue
curves allow knowing the corresponding value of stress that needs to
be applied. In glass lifetime prediction, both theory and experimental
investigation play a relevant role. Testing allows eliminating some vari-
ables from calculation and theory provides predictions on long times
(even years) that cannot be considered within a test.

In order to analytically obtain a lifetime equation, whose parameters
need to be experimentally calibrated, it is necessary to start from the
micromechanism which is the basis of delayed failure or static fatigue
phenomena. The propagation velocity of the microdefect corresponds
to time derivative of defect dimension:

yo 88
Todt

At this point, two possibilities are given. The first approach makes
use of the exponential law given by Charles (see Equation (4.20), chap-
ter 4) and Wiederhorn (see Equation (4.27), chapter 4), where crack
velocity is function of stress and environmental variables. The second
possible approach starts from the simpler power-law relation formulated
by Evans and Wiederhorn (see Equations (4.32) and (4.33), chapter 4)
on the basis of Charles studies of 1958 (Charles, 1958a,b,c). The major
part of predictive models, also in recent years, is based on the power-law
relation, since it provides simpler integration, but it is now important

(5.1)
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Figure 5.2: Universal static fatigue curve (Mould and Southwick, 1959).

to remember that both expressions are correct since they fit well ex-
perimental results, and we can consider them as perfectly equivalent.

5.2 Lifetime curve: current prediction mod-
els

5.2.1 Current models based on power-law

Some recent models aim at evaluating glass lifetime, starting from the
above-shown theoretical framework. In 1984, Mencik proposed a life-
time model for a general loading history o(¢) and for a range where
subcritical crack growth occurs, basing on the power-law relation, that
is v = vo(K1/Ko)" (Mencik, 1984). Ky is an arbitrary constant and
vg and n are parameters characterizing the influence of environment
on material. Considering that crack velocity is the time derivative of
crack length, i.e. v = da/dt and by using the formula for stress inten-
sity factor from LEFM (see chapter 2), i.e. K; = oY \/a, by integrating
through variable separation for a time interval [0, 7] corresponding to
a defect dimension range [a;,a(,)] and for a general loading history
o = o(t), he obtains:

T KOTL a(.,.) "
"dt = “zd 5.2
/0 (1) wyn J, @ (5.2)

By solving integration of the right side of Equation (5.2), one ob-
tains:
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Figure 5.3: Static fatigue curves for different glasses (Wiederhorn and
Bolz, 1970).

T 2K ™ ; n—2
/ o™ dt = 0 = {1— (=)~ } (5.3)
0 ’U()Y( 2 (7)

n—2)a¢( 2

The right side of Equation (5.3) depends only on material and on
environment. The left side depends only on stress, loading time and en-
vironment. Mencik states that two loads induce the same crack propa-
gation, that is the same failure, when the following relation is respected:

T1 T2
/ Ul(t)n dt = / Ug(t)n dt (5.4)
0 0

for n constant. Since now, he has considered a generic loading
history. He defines an equivalent static stress o:

T = |:1/ O'(t)n dt:| ! (55)
T Jo

that is the constant stress that would cause the same crack growth
of a loading history o(;) when acting in the same time interval.
For practical purpose, equivalent stress can be expressed as follows:
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T =gnoemn (5.6)

where o, is a chosen characteristic value of the loading history, and
g is a coefficient depending on the type of loading;:

1 /7 "
g=2 / {“(”} dt (5.7)
T 0 Och

Mencik gives different values of g for the main types of single and
cyclic loads (Mencik, 1984). For a linear loading history, that is for
the case of o(;) = &t, where ¢ is the constant stress rate, he gives the
following value for g:

1
n+1
and in this case o., corresponds to the maximum value 0,,,, that
is reached during loading, that is failure strength. By using &, any type
of load can be converted to the static case, which is the simplest one.
Relation expressed in Equation (5.8) may be simply demonstrated. For
o) = ot, g may be expressed as follows:

g= (5.8)

% /0 (ot dt (5.9)

g =
(Uch

Considering that ¢ is assumed constant, Equation (5.9) becomes:

é.nt(n+1)
(o) T(n+1)

and by substituting ¢ with o/t one obtains g =1/(n + 1).

Through Mencik experimental theory, it is possible to obtain life-
time predictions, and many recent glass design models are based on
it (Haldimann, 2006; Overend and Zammit, 2012). In 2006, a model
was proposed basing on empirical power-law, which is advantageous
for practical use. This model makes use of the fracture mechanics for-
mula Ky = oY /ma@) and considers Irwin tensional criterion (see
LEFM, chapter 2) which states that fracture occurs when K; > K.
Critical conditions are reached if the load reaches its critical value or
equivalently if the defect reaches its critical length. From the critical
conditions, one may obtain the critical stress o:

(5.10)

Ky,
O'c = ——
O~y Ta(t)

as well as the critical crack length a.):

KIC ?
Ge(t) = <W> (5.12)

(5.11)
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Both ¢ and a depend on time, hence also o. and a. are time-
dependent. The critical stress o. is also known as inert strength, and it
represents the strength of a material when no subcritical crack growth
occurs. This model also starts from the power-law relation (see Equa-
tion (4.32), chapter 4), substituting the constant K, with material

toughness Kj.:
da K] "
= —_—— .].
V= = <ch) (5.13)

The model is valid for K; > K;j, hence it does not consider crack
growth threshold. Power-law requires that the v(K7) curve is plotted
on a logarithmic plane, while in Evans and Wiederhorn theory it was
plotted on a semi-logarithmic plane. As Mencik had previously shown,
by integrating by variable separation Equation (5.13) and considering
a time range [0,tr|, where tr is material failure time, i.e. material
lifetime, one obtains:

tp 2K, n a (n—2)/2
"t = < 1—(—= 5.14
IR e e e v T [ (F) } (5-14)

where a; is the initial defect dimension (for ¢ = 0) and ap is the
crack dimension at failure (for ¢ = ¢x). In Wiederhorn studies, the value
of n was found around equal to 16 (Evans and Wiederhorn, 1974). For
such a value, and considering that ar > a; since we are considering a
stress-corrosion regime where subcritical crack growth occurs, Equation
(5.14) is simplified as follows:

/ o dt 2K"
ag =
o (n— 2)vo (Y y/m)"a; (272

This is the classic relation used in current design for glass, which
enables evaluating lifetime, given a stress history and by knowing initial
crack geometry. This relation has some limits of application, since the
assumption that ap > a; loses validity in inert conditions, that is when
the loading time is too short or crack velocity too low.

Considering Mencik relation between a loading history and an equiv-
alent constant stress, i.e. fOtF op"dt = o"tp, one may obtain the
following expression for failure strength versus failure time:

(5.15)

. 2K ;" "
7 =\ (0 = 2o (Y y/7)ra; -2/
Failure strength @ is the static stress that a crack may undergo for a

time interval tg, i.e. lifetime, for a given initial crack, whose dimension
a; and shape Y are known, and for given environmental conditions.

tpw (5.16)
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Figure 5.4: Static fatigue curve (left) compared with the three physical
regions of v(K7) (right).

Equivalently, failure time as function of failure stress op and defect
geometry is expressed as follows:

2K;." .
O (e )

Equation (5.17) shows a high sensitivity of failure time to defect di-
mension variation. A sensitivity analysis can be easily provided showing
that even for small variations of a;, that is even for few micrometers,
failure time undergoes relevant changes. Indeed, experimental investi-
gation shows that depending on the edge finishing, that is responsible
for crack dimension, failure time of glass specimens tested at the same
conditions is different. Some edge finishings, as polishing or ground-
ing, induce crack lengths of the order of few decades of micrometers,
while water-jet cutting finishing causes defects even more than 100
times larger. Hence, as stated by Griffith in his theory of rupture, the
conditions of glass surface play a central role in material strength.

In the mentioned models, a correspondence between lifetime curve
and the three regions of crack propagation velocity (see chapter 4) is
lacking, as shown in Fig. 5.4.

In an even more recent work, the above-mentioned lifetime predic-
tion model has been enriched by considering the two limit values, that
is subcritical crack growth threshold and inert conditions (Overend and
Zammit, 2012), giving the following relation:

1

_ 2K, 1 — (&o)ln=2)/2 -

O(tp) = (n — 2)U0(Yﬁ)nai(n—2)/2 1—( atih)(n—2)/2 F
(5.18)

e




5.2. LIFETIME CURVE: CURRENT PREDICTION MODELS 69

where ap is the length that the crack reaches when the stress inten-
sity factor assumes its critical value:

ap = (051/%)2 (5.19)

and equivalently a; is the crack length when the stress intensity
factor is at the threshold limit:

- <a§i];7?)2 (5.20)

Fig. 5.5 shows the curve taking account of both limits.
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Figure 5.5: Static fatigue curve including inert and threshold conditions
(Overend and Zammit, 2012).

5.2.2 Empirical parameters and limits of power-law

In Equation (5.13), crack velocity as function of stress intensity factor
is known only if the two parameters n and vy are known. The two pa-
rameters represent the dependence of crack velocity v on environment,
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but they are empirically provided. In a previous work, Wiederhorn had
found from experimental investigation that n was around 16, for stan-
dard conditions. A more recent work provides tables with the values
of the two parameters for different conditions of relative humidity and
temperature, as shown in Fig. 5.6 (Haldimann, 2006).

Environment n vy s Failure mode n vo'
(=) (mm/s) (m/s)-(MPam"*)™" (=) (mm/s)

water” 16.0  50.1 5.0 all 16.8 1.78

air, 50% relative humidity* 18.1 247 0.45 edge failure 15.5 0.548
surface failure 17.70 10.7

Bivironment i Vo s * calculated with ¥ = 1

(=) (mm/s) (m/s)-(MPam"®)™"

Laboratory testing and ‘Summer  16.0 4.51 0.45

conditions’

“Winter conditions, melting 16.0 822 0.82

snow, 2°C

Environment n 7 Test setup

=) (mm/s) (Source)

Water 26 £7 3.7-107 dynamic fatigue tests

Water 18+1 1944 cyclic fatigue tests, as-indented and annealed

Water 20.1£0.7 288+£64 *  dynamic fatigue tests

19.9+0.7 6414
‘normal’ environment 19.7-21.2 02-04 direct optical measurement
(air, 27°C, 65% RH) 218 26 4PB - dynamic fatigue, natural flaws
21.1 2.4 4PB - dynamic fatigue, indentation flaws
“asindented " annealed

Figure 5.6: Some values for the two parameters provided by the liter-
ature (Haldimann, 2006).

These values are taken from different experimental works, and one
can notice that a direct correspondence of n and vy with the environ-
mental variables is lacking. In other words, the two parameters are not
expressed as function of temperature and relative humidity. From the
tables, it is clear that the kinetic parameter vg is higher in water, since
this latter accelerates crack velocity. On the contrary, n is higher in
moist air than in water and this can be explained through a numerical
verification. The same work provides a wide description of the quan-
tification of the two parameters. However, we have seen that relative
humidity and temperature play a relevant role in stress-corrosion mech-
anisms and strongly affect glass failure time. In my opinion, it seems
reductive to use tables given by other works for a correct lifetime pre-
diction, since a table combining all the feasible cases of temperature
and relative humidity has not been given by any work of the literature.
For a scientific interest, considering that glass failure process involves
interesting physical-chemical mechanisms, it should be convenient to
express failure time, or equivalently failure strength, as direct function
of environmental variables. This has certainly a design justification
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also, if we consider that in recent years structural use of glass has been
spreading in different geographic regions for increasingly larger climatic
ranges. As already mentioned, most of the predictive models follow the
above-shown procedure, basing on power-law empirical relation. It will
be now proposed a methodology which aims at providing glass lifetime
curve basing on physical relations, i.e. starting from Wiederhorn expo-
nential relation of Equation (4.27) (see chapter 4), and by calibrating
the parameters of the problem in function of environment.

5.3 Failure time as function of environment

Since the literature does not provide values for the two empirical pa-
rameters n and vy covering all the possible combinations of temperature
and relative humidity, this work aims at expressing failure time as ex-
plicit function of environment. For this purpose, Wiederhorn exponen-
tial law is used, where temperature and relative humidity are expressed
as variables. The model starts from the following relation:

da

. bK
i (RH)"vg e~ 7 e (5.21)
By separating variables one obtains:
d
dt = a e R (5.22)

(RH)"vge(~Ea/RT)
Considering the relation
dK; = ——d 5.23
=5/ “ (5.23)

Equation (5.22) becomes

2\/& dKy _bKp
dt = 5.24
oY A(RH ) vge—Ba/RT) € (5.24)

but since /a = K /oY /7, it gives

2K dKy LK (5.25)
e .
(oY \/7)2(RH)" vy e~ Ea/RT

By defining the initial value of stress intensity factor K, = oY /7a;,
the equation becomes

dt =

dt = 20:
- \(RH)" K3}, voe~Ea/RT

Analytical integration is made on the one hand with respect to
time, on the other hand with respect to stress intensity factor, which

bK
)K[ e RT dK[ (526)
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also evolves during crack propagation since it depends on defect shape
and length, which are both time dependent variables:

2a‘i KIC

tp
/ dt = 2 E./RT
0 (RH)™ K7, vg e~ Fa/ Kn

bK
K[ e ET dK[ (527)

The integral on the right side of Equation (5.27) has the form
[ xe * dx and the analytical solution is —e~**(1 + ax)/a?. Hence,
the integration leads to

bK
tp = 2a; (_ 67?{(1 + RbTKI)R2T2> ‘KIC
(RH)™ K2, vg e~ Fa/BT b2 .
(5.28)

The assumption is that, in a stress-corrosion regime, the critical
value of stress intensity factor K. is relevantly higher compared to
initial value K1, which is function of the initial value of the preexisting
crack when glass is not loaded yet. For K. very high, the term e Rt
tends to zero and can be neglected. Hence, failure time is given in
function only of initial conditions:

20; R°T* (1 L 1) (5.29)

lp = (RH)"K?2, b2 vy e~Fa/RT ¢bKi1/RT RT

Considering that the factor bK 1 /RT is > 1, and considering that
the term vy e~ Fa/BT PKin /BT represents initial crack velocity, when t =
0, that we can call v, a relation is obtained for failure time as function
of initial stress conditions, initial defect geometry and environmental
variables, i.e. temperature and relative humidity:

2a;RT

(RH)”K[l’Ulb (530)

tp =

and the explicit equation, by using fracture mechanics formula for
K1, takes the following form:

2a; RT
RH)"Y \/Ta; bvg e~ Fa/ BT g blor Y yma)/RT

tp = ( (5.31)

This relation is practically useful since it allows evaluating failure
time by knowing the initial defects contained in glass edges through
microscopic investigation. By observing Equation (5.31), some inter-
esting comments may be made about the influence of environmental



5.3. FAILURE TIME AS FUNCTION OF ENVIRONMENT 73

Lol =

-]
-
1

i
T

CRACK: VELOCITY, maters /sacond

1w

1
[ [N}

:
06 0.7

0.8 09
APPLIED FORCE, Kg

Figure 5.7: Water content influence on crack velocity (Wiederhorn,
1967).

variables. Failure time seems to decrease when increasing relative hu-
midity, and since Wiederhorn experimental data provide a value for the
exponential factor n equal to 1, this dependence is more or less linear.

By observing once again Wiederhorn experimental results for tests
at different levels of moisture (see Fig. 5.7), by increasing water content
in air, crack velocity increases, and the linearity is not directly observed
only because the ordinates are represented on a logarithmic scale.

The dependence of crack velocity, and then of failure time, on tem-
perature is more complex, since by observing the compact form of Equa-
tion (5.31) temperature is also included in the term v; as exponential
factor. An explicit expression may be written in order to observe the
dependence on temperature, by keeping constant the other variables
and parameters:

tr=aTeT (5.32)

For T — oo, failure time would tend to zero, and this is due to
the exponential factor. Hence, temperature dependence may be rep-
resented as a curve, as shown in Fig. 5.8 (left) where glass chemi-
cal composition, applied stress and relative humidity are considered as
known.

When temperature increases, failure time decreases, in a non-linear
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Figure 5.8: Influence of temperature on failure time (left) and on crack
velocity (right).

way, and equivalently crack velocity increases, as already shown through
Wiederhorn results in the previous section. Equation (5.31) of failure
time cannot be analytically inverted, but it admits inverse function,
since it is a decreasing function of stress. An indirect expression of
strength in function of failure time can be obtained:

2a;RT

o e (F Y/ma)/RT _
tr (RH)"Y \/7a; bvg e~ Ea/RT

(5.33)

A curve of strength versus failure time can be constructed by numer-
ical inversion, obtaining a lifetime curve directly function of physical
environmental variables. The expression of failure time, without con-
sidering relative humidity, was already found by Wiederhorn. However,
an interesting effort has been made in this work in order to give to this
expression a prediction value. This is possible only if the three pa-
rameters F, b and vy are properly calibrated. Indeed, in the literature,
Wiederhorn studies provide values for the three parameters only for one
environmental condition, corresponding to water at 25°C'. For lifetime
equation to be predictive, one should be able to apply it for different
cases and conditions, through parameter calibration. For this purpose,
it was firstly necessary to understand the physical and chemical nature
of those parameters, and this will be discussed in the following section.
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5.4 Focal points

Stress-corrosion induces a strength decrease over time, which is
known as static fatigue;

Static fatigue curve has a prediction value and may be built on
the basis of both exponential law and power-law relations;

Recent prediction models express failure time on the basis of em-
pirical parameters which refer to the influence of environment;

A correspondence between the parameters and the two environ-
mental variables, temperature and relative humidity, is lacking;

The present work aims at expressing glass lifetime as explicit func-
tion of physical variables, starting from Wiederhorn exponential
law;

As expected, failure time linearly decreases with relative humidity
and non-linearly decreases when increasing temperature;

The literature provides values for the chemical-physical parame-
ters only for one environmental condition;

A complete prediction requires the calibration of the parameters
as function of environment, on the basis of experimental investi-
gation.
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Chapter 6

Prediction lifetime curve

6.1 Chemical physical parameters: depen-
dence on chemistry and on environment

As already discussed, Wiederhorn provided values for the three param-
eters for six different glasses, as shown in the table of Fig. 4.10 (see
chapter 4) (Wiederhorn and Bolz, 1970). A strong variation in values
is observed when varying glass chemical composition. The commonly
used soda-lime silica glass has a low value of the activation energy, and
this means that it has a low resistance to corrosion, since by parity of
stress crack propagation velocity is higher. This is due to the presence
of sodium ions, which enhance corrosion process by altering the pH.

However, it was observed that these parameters do not depend only
on chemistry. Indeed, tests performed on soda-lime silica glass small
specimens, that will be described soon, register a failure time for a
given environmental condition. The glass tested is very similar to the
glass used by Wiederhorn. Hence, by parity of chemical composition,
by using the values of the three parameters provided by Wiederhorn for
soda-lime silica glass and by inserting them in lifetime Equation (5.31)
(see chapter 5), failure time theoretically calculated should correspond
to the value registered during tests. However, a divergence is observed
between the two values, and this implies that the meaning of E,, b
and vy is more complex. In addition, since the tests performed for this
work have not the same environmental conditions of the tests performed
by Wiederhorn, it may be deduced that the three parameters strictly
depend on environmental conditions.

By observing Wiederhorn experimental results shown in Fig. 6.1
it is possible to make some interesting considerations. In the figure
on the left, by varying water content, the slope of the curves v versus
K is constant, while the interception with the y — axis changes. By

7
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Figure 6.1: Influence of relative humidity (left) and temperature (right)
on crack velocity (Wiederhorn, 1967; Wiederhorn and Bolz, 1970).

representing Wiederhorn exponential law (see Equation (4.25), chapter
4) on a semi-logarithmic scale, one may obtain the following relation:

B " E b
Inv= |ln(RH)" + Inv T +RTK1 (6.1)

The slope of the curves is represented by the factor b/ RT and since
it is constant, this implies that b is independent of RH. The intercept
is represented by the factor in square brackets in Equation (6.1), which
contains the two parameters F, and vg as well as the physical variable
RH it-self. The assumption is that the most relevant variation of the
intercept is due to variations in relative humidity. Hence, this assump-
tion leads to consider that the two parameters F, and vy have a weak
dependence on relative humidity. However, this phenomenon will be
the object of future investigations.

The influence of temperature on empirical parameters has been in-
vestigated and appears relevant. In order to understand dependence
on temperature, a value for relative humidity has been chosen equal
to 1, corresponding to water, so that Wiederhorn exponential law is
simplified as follows:

v =g e wrt (6.2)

In this way, it is possible to observe the dependence of the three pa-
rameters on temperature. In Equation (6.1), the slope of the curves is
represented by the factor b/RT. By observing Fig. 6.1 right, showing
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Wiederhorn results for different temperatures on a semi-logarithmic
plane, the slope of the curves is more or less the same. This means
that b/ RT is constant and this implies that b linearly scales with tem-
perature, by parity of glass chemical composition. The intercept is
represented by the factor Invg — E,/RT and it increases when increas-
ing temperature. This means that F, and vg depend on temperature,
in a non-linear way. In particular, considering that crack velocity in-
creases with temperature, the signs of the factor representing the in-
tercept mean that vy increases when increasing temperature. F, could
both increase or decrease since it is divided by temperature, which also
changes. It is sure that the factor E,/RT is expected to decrease when
increasing temperature.

6.2 Experimental parameter calibration

Once the dependence of empirical parameters on chemistry and phys-
ical variables is clear, it is possible to calibrate them experimentally.
It would be physically interesting to provide the three parameters as
function of temperature and relative humidity, as follows:

E, = E,(T,RH), b=b(T,RH), wvy=uvo(T,RH) (6.3)

In order to do this, the way could be to perform a series of tests by
varying glass chemical composition, environmental variables and ap-
plied stress, through an adequate experimental instrumentation that
would allow measuring instantaneously crack propagation velocity and
the evolution of the stress intensity factor over time, as the crack prop-
agates changing length and shape. However, it will be proposed a sim-
ple methodology referring only to initial flaw geometry by making some
simplifying assumptions and basing on simple four-point beam-bending
tests. Parameter calibration will be provided for one glass composition
and one environmental condition, and a lifetime prediction curve will
be given for those conditions. Experimental tests will be used joint to
Wiederhorn theory, providing an alternative prediction which is explicit
function of environment.

6.2.1 Experimental program

The experimental program has been carried out at Steel Structures
Laboratory Icom at EPFL, in Lausanne. A water-jet cutting machine,
shown in Fig. 6.2, allowed obtaining more than 300 specimens from
one soda-lime silica glass panel.

The specimen geometry is 100mm x 10mm x 3.8mm, and the focus
is on edge flaws, which propagate under beam-bending. On each spec-
imen, the range corresponding to constant maximum value of bending
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Figure 6.2: Water-jet cutting machine, EPFL, Lausanne.

moment was signed, and only breakage taking place in that range was
considered in the analysis (see Fig. 6.3).

Tests were performed by applying a constant stress using an univer-
sal machine Thiimler Z3-Z50 (capacity 5kN) controlled by the software
ZPM v4-5 and registering failure time for each specimen. Testing setup
is shown in Fig. 6.4.

Some microscopic investigations allowed measuring a mean value
for the edge defect initial length, corresponding to 450um. Indeed,
the edge finishing used in order to accelerate testing setup induced
very large rounded flaws, which highly reduce specimen strength, but
this was not relevant since the focus of this work is the influence of
environmental variables. Some recent works show the different values
of strength induced by different edge finishing (Lindqvist et al., 2011).
Microscopic investigation has been made using an optical microscope
OlympusBX5 equipped with a digital camera LeicaD F(C420. Images
were captured under 20x objective (see Fig. 6.5).

Linear elastic fracture mechanics was used in order to evaluate a
mean value for the geometry factor Y. Considering a half penny-shaped
crack, a value of 0.637 was found. In the literature, a standard value
of 1.12 is used for lifetime prediction, but this work found relevant the
influence of both dimension and shape of the defects and so a correct
estimate was needed. By observing Equation (5.31) of failure time (see
chapter 5), that is lifetime equation, ¢tz appears relevantly sensitive to
small variations of initial dimension a; and shape Y of the flaws. Indeed,
even varying the defect length of few M Pa induces strong variations
in failure time. Sensitivity on defect population seems even stronger
compared to the dependence on environmental variables, but as already
said this work did not focus on edge flaws strength. However, as will
be shown, the stronger is the influence of environment, the lighter the
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Figure 6.3: Soda-lime silica glass specimens.

sensitivity to defects. For instance, by increasing temperature or rela-
tive humidity during tests, the result dispersion due to defect variation
in length or shape is relevantly reduced.

Series of four-point beam-bending tests were performed under con-
stant stress both in air and water, as shown in Fig. 6.4. In air, relative
humidity and temperature were kept constant at respectively 44 & 1%
and 20 + 1°C. In water, tests were performed for three different tem-
peratures, 65, 20 and 10°C +1°C'. For tests in water, temperature was
kept constant using an insulating box (see Fig. 6.4 (right bottom)).

Table 6.1 shows the series of specimens tested and Tables 6.2 and 6.3
show the registered mean failure time ut g, giving also standard devia-
tion o, and normalized standard deviation o, /u, showing respectively
the influence of relative humidity and temperature.

For an increase of relative humidity from 44% to water, average
failure time is reduced of 92.85%, and this is consistent with Wiederhorn
experimental results (Wiederhorn, 1967). However, Table 6.2 shows a
very high dispersion of the experimental results; this aspect will be
discussed at this end of this section.

For each test, failure time was measured as the time of application
of constant load, as shown in Fig. 6.6 (top).

Fig. 6.6 (bottom) shows a broken specimen, revealing a single frac-
ture pattern. Indeed, specimens broke in a short time, due to the large
edge flaws induced by the water-jet cutting finishing. Other edge fin-
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Table 6.1: Testing conditions.

Series N.Specimens F oA RH T

Nl [MPa]  [%]  [C]
1 17 126  31.13+0.3 44+1 20+£1
2 17 122 31.10+1.3 44+1 20+1
3 22 103 25.58+1.3 44+1 20+1
4 21 103 25.18+0.5 water 20+£1
5 9 103 25.46+0.8 water 65+1
6 13 103  25.92+1.2 water 10+£1
7 5 92 23.51+0.5 water 20+£1
8 6 82  20.80+0.1 water 20+£1

Table 6.2: Influence of relative humidity on failure time.

Series RH T oA w(tp) ox(tr) o /u(tr)
[%] [°C| [MPa| [sec] [sec]
3 4441  20£1 25.58+1.3 879.89 1021.67 1.16
4 water 20+1 25.18+0.5 62.89 42.95 0.68

Table 6.3: Influence of temperature on failure time (tests in water).

Series T oA w(tp) ox(tp) ou/u(tr)
[°C] [MPa) [sec] [sec]
6 10£1  25.92+1.2 7733 72.11 0.93

4 20+1 25.18+0.5 62.89 42.95 0.68
) 656+1 25.46+£0.8 2.39 1.71 0.71
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Figure 6.4: Testing setup (left); tests performed in air (right top) and
water (right bottom).

ishings, inducing defects of the order of few decades of M Pa, cause
multiple fracture pattern due to the interaction between different small
flaws.

As shown in Table 6.1, three series of tests were performed in air,
respectively series 1, 2 and 3, for three different levels of stress, by parity
of glass chemical composition, temperature (20 + 1°C) and relative
humidity (44+1%). The application of a constant load of 103N induced
failure time even of more than one hour, and this load value was chosen
in order to test specimens in water, where failure time was supposed
to be relevantly shorter. Hence, under a load of 103NV, three series of
specimens, that is series 4, 5 and 6, were tested in water by varying
temperature, respectively at 20, 65 and 10 + 1°C.

At a later stage, other two series, that is series 7 and 8, were tested
in water at 20 £+ 1°C under two lower stress values, in order to observe
the trend of strength over time by parity of environmental conditions.

By comparing series 3 for air at 20 + 1°C' and series 4 for water at
20 4+ 1°C, an information is obtained on the influence of water content
on stress-corrosion process, as shown in Table 6.2. Specimens tested
in moist air showed a mean failure time of 879.89 seconds, while speci-
mens tested in water broke in around 62.89 seconds. The behaviour is
considered linear, referring to the assumptions described in chapters 4
and 5. Fig. 6.7 shows the two mean values of failure time as function
of relative humidity, and the trend of the curve is assumed from the



84 CHAPTER 6. PREDICTION LIFETIME CURVE

] 100 um

b | | 1mm
I ‘u'u‘mh.l\“l“

HIMM.HHIMH"m T

Figure 6.5: Microscopic observation of edge flaws.

theory (see chapters 4 and 5).

However, it can be now observed in the figure that dispersion of
series 3, relative to tests in air, is higher compared to dispersion of
series 4, for tests in water. This is due to the fact that dispersion is
induced by defect variability caused by the water-jet cutting finishing
used for accelerating testing setup, but it seems that increasing the
influence of environmental variables, in this case relative humidity, leads
to a relevant reduction of sensitivity of failure time on defect geometry.
This is an interesting theme that could be the object of future works.
Concerning result dispersion one could also notice from the tables that
some series are composed of few specimens, since some of them broke
for thermal shock and other for fracture taking place out of maximum
moment range.

As to the influence of temperature, by comparing the three series 4,
5 and 6 tested in water at 20, 65 and 10 £ 1°C under the same stress
value, by parity of relative humidity, it is possible to observe the trend
of failure time in function of temperature, as shown in Fig. 6.8.

For T' = 10°C), tests register a mean failure time of 77.33 seconds.
For T = 20°C, mean failure time is 62.89 seconds and for T' = 65°C' it
results 2.39 seconds. This is shown in Table 6.3. It is evident that the
trend is non-linear.

Results referring to the influence of temperature have been com-
pared to the curves provided by Wiederhorn for three other tempera-
tures, 90, 25 and 2 + 1°C'. Comparison with Wiederhorn is shown in
Fig. 6.9 (right).

On the left side, Wiederhorn experimental data are shown as already
described in chapter 4. On the right, dots representing the tests are
compared with Wiederhorn curves. In order to represent experimental
results on a plane of crack velocity wversus stress intensity factor, it



6.2. EXPERIMENTAL PARAMETER CALIBRATION 85

F(N)
0T T T T r T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

=20 1

-40]

sl

Figure 6.6: Applied load over time (top); broken specimen (bottom).

was necessary to measure both v and Kj. The stress intensity factor
was obtained by fracture mechanics formula (see chapter 2), that is
K; = oY \/7a, considering a half penny-shaped crack and converting
bending moment in tensile stress obtaining a shape factor equal to
0.637. As already said, a mean value of defect length was measured
through microscopic investigation, corresponding to 450um. A mean
value of crack velocity was calculated for each specimen as follows:

U = i (6.4)
i

where h is the specimen height, since crack velocity was not in-
stantaneously measured. This approximation, in this case, is correct,
since the applied stress is very close to the critical value, and tests
have a short duration, varying from few seconds to few hours. Crack
behaviour is at limit of stress-corrosion regime and stress intensity fac-
tor can be considered as constant. On the contrary, if the stress had
been relevantly lower, then it would have been necessary to instanta-
neously measure crack propagation velocity as well as the evolution of
the stress intensity factor over time. Indeed, for very slow crack growth,
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Figure 6.7: Registered failure time in function of relative humidity
(tests in air and water).

the defects evolves by changing length and shape, and this induces a
modification of K factor that cannot be neglected. In this case, a
different experimental instrumentation would be required, allowing ob-
serving crack growth at a smaller scale.

Observing Fig. 6.9 (right), experimental results are consistent with
Wiederhorn curves and theory, since, by parity of applied stress, crack
velocity increases when increasing temperature, in a non-linear way.

6.2.2 Parameter calibration

A first glance on experimental results allowed registering a consis-
tence both qualitative and numerical with physical theories on stress-
corrosion (see chapter 4), where crack propagation velocity is strongly
affected by environmental variables T' and RH.

A deeper glance has permitted to make use of experimental results
in order to calibrate the three parameters F,, b and vg. As already
said, since a more accurate instrumentation was not available, it was
possible to calibrate parameters referring only to one glass chemical
composition and one specific environmental condition. Glass tested is
soda-lime silica glass and the chosen environment is water at 20°C.

The first assumption is that, by parity of glass chemical composi-
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Figure 6.8: Registered failure time in function of temperature (tests in
water).

tion, the slope of the curves v(K7) is constant, by varying temperature
(see chapter 4). The glass tested is similar to the glass used by Wieder-
horn and then the slope of the curves is known. By Wiederhorn data,
the factor b/ RT is 4.43 x 10~° (Wiederhorn and Bolz, 1970). From this
factor, it is possible to obtain the value of b for T' = 20°C, correspond-
ing to 0.0913. In addition, by knowing the slope of the curve, starting
from the dot representing mean value for specimens tested in water at
20°C' it was possible to obtain the trend of the curve, as shown in Fig.
6.10.

This allowed obtaining the interception with the y — axis for T' =
20°C, giving information on vy and E,.

The second assumption is that vy has a lower influence compared
to E, and b, since in Wiederhorn equation it does not belong to the
exponential term. Hence, the value provided by Wiederhorn for vy for
T = 25°C (see chapter 4) was used for tests at T'= 20°C'. In this way,
the intercept allowed obtaining the value of the activation energy FE,.
Table 6.4 gives the three values obtained for water at T' = 20°C.
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Figure 6.9: Wiederhorn results on temperature influence (left); experi-
mental results for three different temperatures compared with Wieder-
horn curves (right).

Table 6.4: Values of the three empirical parameters for water at 20°C'.
Ea b Vo
J/mol mks m/s
1.13 x 10° 0.0913 29732

6.3 Lifetime curve for soda-lime silica glass
in water at 20°C

Once the three parameters have been calibrated for the chosen environ-
mental condition, it is possible to construct a prediction lifetime curve,
referring to soda-lime silica glass and to that environment. Consider-
ing the indirect Equation (5.33) (see chapter 5) representing strength
as function of failure time, by fixing the initial values of defect shape
factor Y and length a;, given an environmental condition corresponding
to RH ~ 100% and T = 20°C, by inserting the three parameters found
FE,, b and vy, a curve of strength versus time is obtained, as shown in
Fig. 6.11.

The figure shows a relevant dispersion of results, and this can be
explained as consequence of both variations in defect shape and length
and variations in specimen height. The reason is that the edge finishing
used for accelerating testing setup induced large flaws with a high vari-
ability in dimension. Both length and shape are influent, since by parity
of dimension, a sharp crack would induce a higher stress concentration
compared to a rounded flaws. Real flaws induced by industrial edge fin-
ishing, as polishing or grounding, are usually sharper and smaller that
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Figure 6.10: Trend of the curve for water at T' = 20°C.

the ones obtained by the water-jet cutting machine. Hence, the prob-
lem of sensitivity on defects and of result dispersion could be avoided
just by using another edge finishing providing smaller flaws with a lower
variability in dimension.

Lifetime curve has a high prediction value and an interesting physi-
cal meaning, since it allows estimating failure time of a structural glass
element subjected to a certain stress and exposed to given environmen-
tal conditions.

6.4 Future aims

As already said, the obtained lifetime curve refers to one glass and
one environmental condition. An interesting aim would be to obtain a
series of lifetime curves for different glasses and different combinations
of relative humidity and temperature. In order to do this, one should
consider that failure time depends on RH and T even through the
three parameters E,, b and vy, which also depend on physical variables.
Hence, a complete prediction would imply to perform series of tests
varying glass chemical composition, stress, temperature and relative
humidity obtaining the three parameters as function of environment
and then physically founded prediction curves.
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Figure 6.11: Experimental dots consistent with lifetime curve, for water
at T = 20°C.

6.5 Dynamic fatigue in glass: a consequence
of stress-corrosion

As already shown, static fatigue, i.e. strength decrease over time, is
a consequence of stress-corrosion mechanisms. The strong influence
of environment, which takes place at the nanoscopic and microscopic
scale and involves both chemical and physical processes, explains also
another macroscopic phenomenon, that is a dependence of strength on
applied stress-rate ¢. In some works, this is known as dynamic fatigue,
from Charles studies parallel to his theories on stress-corrosion and
static fatigue (Charles, 1958¢c). The term dynamic fatigue does not
refer to loading cycles or to inertial forces but to the evolution process
of crack advance over time.

As shown for the static fatigue curve, also dynamic fatigue curve
can be obtained starting both by power-law relation and by Wiederhorn
exponential law. By power-law, considering the dependence of stress
intensity factor on time, that is K;(t) = o(t)Y y/ma(t), one obtains:

da _ Voo (H)"Y " [ra(t)] 2
dt K.

(6.5)
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Assuming that the loading history is linear, that is stress-rate is
constant, strength can be expressed as o(t) = dt, so that Equation
(6.5) becomes:

da _ Vo t"Y " [ra(t)] 2
dt K7

(6.6)

By integrating by variable separation, the following relation is ob-
tained of strength as function of stress rate:

(n=2)/2 r-n T
2a, Ki(n+1)]™" .
= ¢ nt1 6.7
or (n — 2)veYnqn/2 7 (6.7)

or more synthetically

op = AgTi (6.8)

This last result was given by Charles in a work considering also
the influence of environmental variables (Charles, 1958¢c). As already
done for static fatigue, also in this case strength versus stress-rate can
be expressed starting from Wiederhorn exponential law. By numerical
inversion, an indirect relation of strength as function of stress-rate is
obtained:

2a; RT
2 _bopY./ma;/RT — v j 6.9
T RE)Y yrapue Frmr 0 (69

Also in this case, the curve assumes predictive value if the empirical
parameters are calibrated. By using the values found in the previous
section, a curve of strength as function of stress-rate is obtained, for
water at 20°C, as shown in Fig. 6.12.

Dots refer to mean values of tests performed in water varying the ap-
plied stress rate, and are consistent with the curve theoretically found.

Hence, a simple methodology has been proposed for evaluating the
two curves representing static fatigue and dynamic fatigue phenomena,
considering the strong influence of environment. Even if this procedure
is more complex, it is physically interesting for the reasons explained
above.

6.6 Focal points

e Physical-chemical parameters are shown to depend on both glass
chemical composition and environment;

e Dependence of parameters on temperature, which seems to be
higher, has been investigated in this thesis;
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Figure 6.12: Experimental dots consistent with strength versus stress-
rate curve, for water at T = 20°C.

Experimental investigation has permitted to calibrate the three
parameters for one glass type and one environmental condition;

Tests have been performed in air and water at different temper-
atures, observing the influence of physical variables and a consis-
tence with stress-corrosion theories;

Parameter calibration allows obtaining a lifetime curve for one
glass and one environment corresponding at water at 20°C

Equivalently, parameters have been used in order to obtain a
curve of strength wversus stress-rate, observing the phenomenon
of dynamic fatigue, another consequence of stress-corrosion;

It would be physically interesting to perform an experimental in-
vestigation in order to obtain the three parameters as function of
relative humidity and temperature, not limiting to one environ-
mental condition.



Chapter 7

Future aims and
conclusions

7.1 Modelling stress-corrosion failure mech-
anisms

This thesis has highlighted the fact that failure mechanisms in glass are
strongly affected by the phenomenon of stress-corrosion. As in other
multi-physics coupling mechanisms, described in chapter 3, also stress-
corrosion implies a strong interaction between different spatial scales
and different physics.

Future developments of this work may concern two directions. On
the one hand the aim is to express chemical-physical parameters of
Wiederhorn experimental theory as function of environmental variables.
This would be permitted by a more accurate experimental investigation
through a more sophisticate instrumentation. On the other hand, the
purpose is to provide an analytical physical-mathematical model which
could describe subcritical crack growth in a stress-corrosion regime.

Modelling will probably start by a single flaw, by including at the
crack tip corrosion potential from environment, up to model propa-
gation of different flaws mutually interacting. Considering the small
scale of the defect, it is evident that a possible way would be to formu-
late a microstructured continuum model. Glass could be modelled as
isotropic linear-elastic continuum containing a microstructure (defects)
which evolves over time as effect of mechanical parameters (stress) and
environmental variables (relative humidity and temperature).

The deep glance taken in this work at the micro-physics dominating
stress-corrosion allowed identifying the variables which play a relevant
role in the phenomenon and that could be included in the model.

Some examples of continua with microstrucure models are given by
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the literature (Eringen, 1966; Capriz, 1989; Gurtin, 1994; Herrmann,
2002). Some of them are based on Eshelby inclusion model, where an
ellipsoidal inclusion within an infinite matrix is considered. Eshelby
solution includes several specific cases of inclusions, as also crack. Es-
helby mechanics is characterized by configuration changes and may be
applied in fluid dynamic, referring to current configuration. As men-
tioned at the beginning of this thesis, glass may be seen as a highly
viscous solid, carrying properties of both fluids and solids. Hence, a
model based on configurational mechanics could be proper. Gurtin
proposed a model based on configurational forces in order to explain
dissipative phenomena (Gurtin, 1994). One of these phenomena is the
advance of a crack in a brittle material. In his theory, additional forces,
additional elastic tensor and additional balance need to be considered.
By considering glass as dissipative material, due to crack propagation,
and by following these models one should consider that the reference
configuration evolves through a reorganization which dissipates energy.
Cauchy continuum model does not take into account small scales phe-
nomena, as micro-cracking. Hence, subcritical crack growth in glass
should be modelled only considering additional variables. In addition,
scale effects need to be considered. Scale effects imply that, by changing
from one scale to another, material properties may change qualitatively.
For instance, glass homogeneity is valid only at the big scale, while at
the microscopic scale, or even more at the atomic scale, it looses valid-
ity. At the small scale, microstructure is fundamental. For this reason,
modelling stress-corrosion requires to make use of an enriched Cauchy
model, considering the evolution of the microstructure. The question
is whether this microstructure is represented by the flaw or whether
by atomic irregularities. One other question is how this microstructure
should be modelled.

7.2 Conclusions

Although the existing mentioned modellings, analytical models describ-
ing stress-corrosion mechanisms are still lacking, and in my opinion to
be able to model this complex phenomenon is not only a scientific aim
but also a design purpose.

This thesis has presented on effort in understanding stress-corrosion
mechanisms. On the one hand, a simple method has been proposed for
evaluating failure time as function of environmental conditions. The
reason of this effort arises from both a deep scientific interest about
the influence of temperature and relative humidity on stress-corrosion,
and design needs, given that structural glass is being used in an increas-
ingly wide range of climatic conditions. This work is just beginning and
needs further efforts along both directions outlined above. In partic-
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ular, the lifetime equation will be generalized in order to include the
inert strength and the threshold conditions, as done in the literature.
Further investigations about microscopic aspects need to be carried
out. Further considerations are also required about the influence of
geometry of the defect apex and of stress on water supply. Some useful
information is found in literature but this field is still very open.

On the other hand, this work has permitted to identify the physical
variables which play an interesting role in stress-corrosion mechanism.
It is my opinion that starting from glass phenomenology and basing on
experimental investigation is a necessary step to be able to correctly
model the observed phenomenon, considering the complexity and the
number of variables involved.
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