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Abstract

Glass is increasingly being used in structural applications nowadays. Large glass
facades, all-glass staircases, roofs, walkways, and spectacular long suspended bridges
are all hallmarks of the modern architecture. However, the intrinsic strength of
annealed glass is not fully exploited due to the stress corrosion and the lack of a
universal and reliable design method. Therefore, the design of glass components
is redundant and conservative, resulting mainly in costs and emissions increase.
Moreover, from an architectural point of view, oversized load-bearing glass members

are undesirable.

Stress corrosion is a chemical phenomenon which affects annealed glass. This
phenomenon, also known as static fatigue, causes a reduction of the tensile strength
due to the combined presence of applied tensile stress and humidity. As a result,
the actual strength of annealed glass components is limited. According to previous
findings published in the literature, stress corrosion can be prevented by avoiding the

interaction between water molecules and the silica network.

Besides the stress corrosion, the glass strength is prevented from being fully
exploited due to the lack of a generally valid design approach. The large dispersion
in size and position of flaws determines a wide variability of the failure stress, hence
a distinct and universally acceptable glass strength cannot be identified. As a conse-
quence, deterministic approaches, that nowadays are widely adopted for the design
of glass components, lose in reliability and enforce to adopt large safety factors,
limiting the actual load-carrying capacity of glass members. Several researchers have
raised serious concerns regarding the applicability and accuracy of the deterministic
design approach. The main reason of concern is that the glass strength is not a true
material property since it varies, not only with the statistical flaws distribution, but

also with the test setup and the element size.
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In the first part of the research project, a UV cured coating combining hydropho-
bicity and barrier to water vapour with good adhesion to glass, has been investigated
and developed for preventing stress corrosion in annealed glass. The coating is
obtained by combining a cycloaliphatic diacrylate resin with a very low amount of a
perfluoropolyether methacrylate co-monomer, which migrated to the free surface,
creating a compositionally graded coating. The adhesion to glass is improved, using
as a primer an acrylated silane able to co-react with the resins. The coating effec-
tiveness is assessed experimentally by comparing the load-carrying capacities of
coated and un-coated glass plates. New and naturally aged glasses are analysed. The
results evidence an increase of the design bending strength between 60 and 90% with
respect to the strength of un-coated glass. The durability of the polymeric coating is
also examined. Three scenarios are analysed in terms of ageing: (i) cyclic loading,
carried out by subjecting coated samples to repetitive loading; (ii) natural weath-
ering, performed by exposing coated samples to atmospheric agents; (iii) artificial
weathering, conducted by exposing coated specimens to fluorescent UV lamps, heat
and humidity. The coating’s durability is determined indirectly, based on its residual
effectiveness in preventing stress corrosion, by comparing the bending strength of
aged coated glass specimens to that of un-coated and freshly coated specimens using
the coaxial double ring test. The obtained results demonstrate that the proposed
formulation is nearly insensitive to cyclic loading, has excellent performance in case

of natural weathering, while is slightly more sensitive to artificial weathering.

In the second part of the research project a novel computational methodology
aiming for a safe and optimized design of glass components has been developed. The
methodology, that adopts a stress intensity factors-based fracture criterion, can be
applied to predict the edge strength of glass components with arbitrary geometry and
edge flaws scenario. The novel developed methodology consists of: (i) modelling the
structural element through the finite element method, (i1) randomly applying to the
FE model a population of flaws extracted from a pre-defined statistical distribution
function, (ii1) computing the related stress intensity factors, (iv) evaluating the load
carrying capacity by equating the maximum stress intensity factor to the fracture
toughness. Because of the stochastic nature of the problem, where the size of the
edge flaws is the random variable, the Monte Carlo method is used to obtain the
cumulative distribution function of the failure load. Finally, the critical load referred
to a chosen probability of failure is derived. The eXtended Finite Element method is
used because of its intrinsic capability to deal with multiple cracks of any position
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and length without adapting the mesh topology, and because it allows for a direct
evaluation of the stress intensity factors at the tip of the cracks without any post-
processing. The current version of the numerical methodology is limited to plane
stress/strain models, although its extension to 3D problems is quite straightforward.
Several case studies are shown to demonstrate the accuracy and reliability of the
method in assessing the structural integrity of glass components. It is also shown
that by adopting the developed method rather than a stress-based approach, the
load-carrying capacity prediction increases by 21 to 82%, depending on the stress
gradient along the glass component. In conclusion, the methodology provided has
huge potentiality for being generalized for all brittle materials and thus applied to
ceramics as well as polysilicon structures for micro-electro-mechanical systems
(MEMS).
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Chapter 1

Introduction

1.1 Background and motivation

The use of glass in the building industry is evolving towards structural applications:
modern architecture features large glass facades, all-glass staircases, roofs, walkways
and spectacular long suspended bridges. The Apple store on 5th Avenue in New
York, the Grand Canyon skywalk, the brick facade of the Chanel store in Amsterdam
[7] are just few examples of the latest innovative architectural solutions based on
the structural use of glass. Intensive research over the previous decade has resulted
in the development of novel structural elements including, among others, bricks,
post-tensioned glass beams [8], sandwich structures with thin and ultra-thin glass
panes [9], and new recipes, thus fostering the use of glass for structural components.
From a structural and architectural standpoint, high compressive strength (greater
than 200 MPa [10]) and transparency are the most appealing properties of glass.
However, transparency is not just a beauty characteristic; it also allows for energy
savings. As for example, the use of glass provides for natural daylight, reducing
the energy consumption due to both artificial lighting and heating. In addition, the
use of photovoltaic glass in building facades allows to generate energy. All these
factors contribute to make glass a valuable material in modern structures, helping

the achievement of the environmental sustainability.

Glass, on the other hand, is a challenging building material due to its almost per-
fect elastic-brittle mechanical response and sensitivity to cracking. The exploitable
tensile strength of glass varies extremely in the range of 200 to 500 MPa [11], depend-
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ing on the size of surface flaws and the presence of chemical or thermal treatments.
Aiming at increasing the reliability of glass as structural material, nowadays, several
aspects related to the tensile strength are still object of study: the relation between
the size of surface flaws and the strength [12-14], the effect of ageing [15-17], the
effectiveness of repairs on strength recovery [18], the derivation of the best statistical
distribution function for the strength to be included in the probabilistic approach
for structural design [19, 20], the micro cracks detection by means of the thermal
stress-induced light scattering method [21], and the automatic scratch detection using

deep learning approaches [22].

However, the structural design and optimization of load-bearing glass compo-
nents continues to be a challenge. Griffith flaws cause the brittle failure in glass
[23]. Flaws and scratches occur during the manufacturing process, as well as during
handling, assembly, everyday use and maintenance [24]. Therefore, the flaw size
and position, as well as the glass strength have a large dispersion. In certain cases,
experimental findings provide scattered values of the glass strength with a spread
of 30-50% with reference to the mean strength [25]. This results in a lack of confi-
dence about glass structure design methods based on deterministic approaches, as
well as the introduction of large safety factors to guarantee a safe design. Several
researchers have questioned the suitability and validity of these common glass design
approaches, even given the narrow scope for which they were developed [26-30].
The deterministic approaches, adopted by the European standards [4, 31], rely on
a parameter, namely glass strength, which is commonly derived for glass surfaces
exposed to uniform biaxial tensile stress. As a consequence, the application of these
approaches is not strictly appropriate in case of arbitrary supporting and loading
conditions, as for example in-plane or concentrated loads and connections [26].
Especially because the glass strength is not a true material property, as it depends
on the flaws size distribution, the fracture toughness, the test setup, as well as the

specimen size and geometry [28, 32-34].

Besides the brittleness, the sensitivity to cracks, and the absence of a design
method that could include any case study, the stress corrosion phenomenon limits
the exploitation of the intrinsic tensile strength of annealed glass. Stress corrosion
is a degradation phenomenon which concerns the sub-critical growth of flaws and
micro-cracks, with a consequent decrease of the tensile strength of the material over
time [35]. Several studies agree that stress corrosion is caused by the combine action
of water and applied stress [35, 2, 36, 37].
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1.2 Main objectives

The current research looks into the two challenges described above in relation to the
use of glass for structural applications, and strives to address them. To summarize,
this project focuses on developing a novel strategy for preventing stress corrosion
in glass and a new reliable design approach for the structural optimization of glass
component. These two topics are covered separately in this thesis, however, they
were combined since they both aim to fully exploit the strength of annealed glass

and enhance its reliability while also pursuing for a more sustainable design.

In order to solve the issue of stress corrosion, a UV cured coating combining
hydrophobicity and barrier to water vapour with good adhesion to glass, has been
investigated and developed. Different methods for overcoming stress corrosion have
been discovered; currently, the most well-known solutions for glass strengthening
are based on tempering processes, producing a surface compression state through
thermal or chemical treatments [38]. On the contrary, these methods have a number
of drawbacks, including significant energy costs and/or long treatment periods
[39]. Protective polymeric coatings can be an effective alternative since they limit
the intervention to the surfaces of glass while keeping the structural component’s
transparency. UV-cured coatings are preferable in most circumstances because they
are environmentally friendly: they do not include solvents and hence emit fewer
toxic organic vapours. Furthermore, because the polymerization occurs in a few of

seconds and does not require heating, costs are minimized.

To assess the strength of structural members made of annealed glass a new and
reliable computational design approach is here presented and tested. The proposed
approach combines finite element analysis, fracture mechanics theory and Monte
Carlo simulations for the reliable prediction of the load-carrying capacity of glass
components. Instead of using a stress-based failure criterion, the design approach
adopts a stress intensity factor-based criterion. The extended finite element method
(XFEM) is used to model cracks and for the direct evaluation of the stress intensity
factors at crack tips. Using the XFEM approach, in fact, cracks are introduced
mathematically, rather than physically, in finite element models, by enriching the
standard approximation of the displacement field [40—42]. This allows for modelling
an arbitrary number of cracks in any position without the need for local mesh
refinement around cracks. The current version of the developed computational

methodology is limited to plane stress/strain models, therefore it can be used for
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the prediction of the edge strength of any flat glass component under in-plane static
loads. However, the extension of the proposed method to 3D problems is quite

straightforward.

1.3 Organization of the thesis

This dissertation consists of seven chapters, organized as follows:

Chapter 2 - The stress corrosion phenomenon is introduced. Moreover, a
compositionally graded hydrophobic UV-Cured coating for the prevention of glass
stress corrosion is presented. The details of the chemical formulation and preparation
of the coating are provided. Additionally, the physical, chemical and mechanical

properties of the coating are investigated.

Chapter 3 - The effectiveness of the coating in preventing glass stress corrosion
is assessed by comparing the failure stress of coated and un-coated glass speci-
mens. The experimental data are treated statistically using the Weibull, Normal and
Log-Normal distributions. Moreover, the goodness of fit of the three statistical distri-
butions to the data is evaluated with the Anderson-Darling test. Finally, a detailed
fractographic analysis is conducted to correlate measured failure stress values with

crack sizes.

Chapter 4 - The durability of the coating is investigated. In this regard, three
types of ageing are considered: (i) mechanical ageing by subjected coated samples
to cyclic loads; (ii) natural weathering carried out by exposing coated glass samples
to atmospheric agents; (iii) artificial weathering conducted by exposing coated
specimens to fluorescent UV lamps, heat and water.

Chapter S - A new computational methodology for the structural integrity
assessment of glass components is introduced. The application field, the assumptions
underlying the approach and the parameters which influence the glass strength are
all discussed. In addition, the extended finite element method (XFEM) is presented

for the direct evaluation of the stress intensity factors at the crack tips.

Chapter 6 - A number of examples are solved to evaluate the accuracy of
the developed XFEM-based methodology. Different scenarios are investigated to
identify the limits to the applicability of the method. The influence of the crack
inclination with respect to the mesh orientation and the number of Gauss points
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on the evaluation of the stress intensity factor is studied. Moreover, the stress
intensity factor is calculated for different values of crack length in order to identify
the minimum crack length with respect to the mesh size. Finally, the effectiveness of
the method is evaluated for cracks located near stress concentration regions as well

as interacting multiple edge cracks.

Chapter 7 - Several case studies are analysed with the proposed computational
design approach to demonstrate its accuracy and reliability in assessing the structural
integrity of glass components. A comparative study is conducted to show the
differences between the stress-based design approach and the proposed one. The
influence of the stress gradient on the load-carrying capacity of glass components
is investigated using four different test configurations: a specimen under uniaxial
tensile load, a beam under three point bending, a simply supported beam under
uniformly distributed load, and a cantilever beam subjected to uniformly distributed
load.



Chapter 2

Stress corrosion in glass and a
mitigation strategy'

2.1 Introduction

The purpose of this Chapter is to introduce the phenomenon of stress corrosion in
glass and to provide a solution for preventing it. Stress corrosion is a chemical-
physical phenomenon which limits the exploitation of the intrinsic tensile strength
of annealed glass. Stress corrosion is also known as static fatigue and consists in a
reduction of the material strength caused by the combined action of applied stress and
humidity on the silica network that composes glass. The classical theory to account
for this phenomenology involves the chemical reaction of water molecules with the
silica network, taking place at the tip of the cracks, although other interpretations

have been also provided [43].

Static fatigue in glass was discovered at the end of the 19¢h century by Grenet
[44], who observed that the strength of glass depended on the rate of loading or on
the length of time a load was applied. However, only in the 1960s’ a clear explanation
was found for this phenomenon. In that decade, several experimental tests were

carried out that permitted to identify different stages of crack propagation in glass

IPart of the work described has been previously published in:
S. Dalle Vacche, G. Mariggio, A. Vitale, R. Bongiovanni, M. Corrado. Compositionally graded
hydrophobic UVcured coatings for the prevention of glass stress corrosion. Coatings 9, 424 (2019).
G. Mariggio, S. Dalle Vacche, R. Bongiovanni, C. Louter, M. Corrado. Enhancing the design bending
strength of new and aged glass with a functional coating. Glass Struct. Eng. 5, 135-146 (2020).
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and to measure the effects of water and water vapor on the sub-critical propagation
of microcracks [2, 36]. As represented by the schematic representation shown in
Fig. 2.1, there is a threshold for the applied stress below which crack propagation
does not occur, even in the sub-critical regime. Once the threshold is overcome, three
regions are evidenced for crack propagation velocity. In region I the crack velocity is
dependent on the applied stress; in region II the crack velocity is nearly independent
of the applied stress; in region III the crack velocity is again function of the applied
stress, however, the slope is very steep, relating to an unstable crack propagation that
occurs when the stress intensity factor overcomes the material toughness, K1 > Kjc.
The stress corrosion occurs in regions I and II that, in fact, are highly influenced by

the amount of environmental humidity.

Environment I

Threshold Vacuum

Crack Velocity, log v

Stress Intensity Factor, K,

Fig. 2.1 Velocity of a running crack versus the stress intensity factor (adapted from [1])

Pioneering experimental studies carried out by Wiederhorn [2] allowed to derive
empirical relationships between the sub-critical crack propagation velocity and the
stress field - represented by the stress intensity factor at the crack tip - for different
percentages of environmental humidity (see Fig. 2.2). According to Fig. 2.2 the
effect of an increasing amount of water in the environment is a shift of region I
towards lower values of Kj, without changing the slope, and a shift of region II

towards higher values of crack velocity.
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Fig. 2.2 Effect of humidity on the crack propagation in soda-lime glass (adapted from [2])

In 1962, Charles and Hillig [37] first proposed a theory based on chemical
reactions to explain the phenomenon of stress corrosion. Then, 20 years later,
Michalske and Freiman [35], starting from the phenomenological model proposed
by Charles and Hillig developed a detailed chemical model for the interaction of
the environment with mechanically strained bonds in glass at the crack tip. The
reaction involves three steps, as represented in Fig. 2.3a: (i) a water molecule from
the environment approaches a bridging Si-O-Si bond at the crack tip, and forms an
hydrogen bond with the oxygen atom belonging to the silica network (here indicated
with Oy,;) while the lonepair orbitals from the oxygen of water (here indicated with
Oy) interact with the Si atom; (i) a proton transfer to O, and an electron transfer
from Oy, to the Si atom occur with a concerted reaction, resulting in the destruction
of the original bridging bond between Oy, and Si, and in the formation of two new
bonds: one between Oy, and Si, and one between H and Oy,; (iii) finally, the bond
between Oy, and transferred H breaks. As a result, surface hydroxyl groups are
now present on each fracture surface. The chemical process is enhanced by the
presence of alkali ions, like in the case of soda-lime silica glass [45]. In this case,
the presence of terminal structures, in which sodium alkali ions are associated to

the very strong Si-O-Si unending network through an oxygen—sodium ionic bond,
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Fig. 2.3 Representation of the reaction between water and strained Si-O-Si bond at the crack
tip: (a) silica glass; (b) soda-lime silica glass

strongly influences the reaction at the crack tip between soda-lime glass and water
molecules. As a first step in fact, the oxygen—sodium bond breaks down, and the
oxygen dissociates the water molecule to satisfy its force field with a hydrogen ion
or a free hydroxyl ion. This facilitates the occurring of the second step, in which the
strong bond between silicon and oxygen breaks, yielding two ends: one end becomes
a silanol end by attachment of the hydroxide ion or by proton transfer while on the
other end a new terminal structure is formed, capable of dissociating another water

molecule (see Fig. 2.3b).

Stress corrosion, as any other chemical reaction, is an activated process. The
activation energy is provided by mechanical stress and, therefore, the reaction occurs

more rapidly where the stress field is the largest, i.e., at the tip of micro-cracks [35].
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Different ways to overcome stress corrosion have been found; so far, the well-
known solutions for glass strengthening are based on tempering processes, either
through thermal or chemical treatments, which produces a surface compression state
[38]. On the other hand, there are different issues with these technologies, such
as high-energy costs and/or long treatment times [39]. Other solutions to such a
problem proposed in the literature include: polymeric and metallic coatings for glass
rods and silica lightguides [46—48], silicon grease for the edge strengthening of glass
plates [49], and graphene coatings [50].

Protective polymeric coatings can be an effective alternative, since they have
the advantage of limiting the intervention to the surfaces of glass plates while
maintaining the transparency of the structural component. Moreover, coatings are
routinely used in glass industry for many purposes; selective coatings to improve the
thermal performance of glazing, anti-fingerprint coatings, and anti-shatter films are
just a few examples [51]. In most cases, UV-cured coatings are preferred because
they are environmentally friendly. They do not contain solvents and, therefore, toxic
organic-vapor emissions are minimized. In addition, costs are reduced because the
polymerization takes place in a few seconds and does not require heating. Typically,
UV-cured coatings are made of acrylates, a class of polymers characterized by
high reaction rate, stability, and high glass transition temperature, which makes
them more resistant and suitable for outdoor applications [52]. However, they have
poor adhesion and do not show water repellency, which are properties required for
protecting glass from stress corrosion. The use of fluoropolymers is well known
for water resistance and water repellency [53], while silanes can ensure adhesion,
acting as a bridge and creating covalent bonds between the polymer and the glass
surface [54, 55]. Preferably, a glass coating against stress corrosion must maximize
adhesion on the glass side and hydrophobicity on the air side.

Therefore, in this work we examine a UV-curable acrylic system copolymerized
with a methacrylic perfluoropolyether (PFPE) and an acrylic silane. The challenge
was to obtain the best balance between hydrophobicity and adhesion of the coating,
which are usually in competition. The composition of the coating was chosen with
the aim of developing a copolymer exhibiting a compositional gradient, so that,
the obtained coating ensured water repellency thanks to the surface segregation of
the fluorinated component, and adhesion towards the glass substrate, thanks to the
presence of the silane at the interface. Concerning the selection of the fluorinated co-

monomer, attention was paid to the present constraints and regulations on the use of
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this class of chemicals. In fact, fluoroalkylic chains of type C,F,, raise concerns
for being toxic, persistently polluting the environment and bioaccumulating in
humans. Short-chain fluorinated chains (i.e., shorter than C4) and perfluoropolyethers
are considered safe alternatives, approved by the U.S. Food & Drugs Administration
(FDA) and the European Food Safety Authority (EFSA) [56, 57]. In this Chapter,
the physical, chemical, and mechanical properties of the coating, including adhesive

strength and water resistance, are investigated.

2.2 Materials and Methods

2.2.1 Materials

The chemical structures of the products used in this work are reported in Fig. 2.4.

e /CH3
o\ 5
H3C OH (o] O\/\/SI\/ CH3
O—CHj
CHj; e
o} CH;
d
CH, 0O 0
(‘:I o )|\ o 22 (';2 gz o _N | CH
CH; \H/ \/\N O/\C/ c” Soff Nof >~ \”/H\/\O 2
H F, F,
o o) CHy
P q

Fig. 2.4 Chemical structures of (a) Ebecryl® 130, (b) Darocur® 1173, (c) 3-(acryloyloxy)
propyltrimethoxysilane and (d) Fluorolink® MD700

Tricyclodecanediol diacrylate (Ebecryl® 130, by Allnex Belgium SA, Drogen-
bos, Belgium) and a bifunctional urethane methacrylate perfluoropolyether (PFPE)
macromer containing more than 80% of PFPE (Fluorolink® MD700, by Solvay
Specialty Polymers, Bollate Milano, Italy) were used as oligomers, and will be
called "E" and "F", respectively in what follows. 2-hydroxy 2-methyl 1-phenyl
propan-1-one (Darocur® 1173, by BASF, Germany) was added as a photoinitiator,
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henceforth indicated with "D". The silane was 3-(acryloyloxy) propyltrimethoxysi-
lane, 94%, supplied by Alfa Aesar (Thermo Fisher (Kandel) GmbH, Karlsruhe,
Germany). Thermo Scientific™ British standard slides (referred to as glass slide
in what follows) made from extra-white soda-lime glass, (Thermo Fisher Scientific

Inc., Waltham, USA) were used as substrates for the coating characterization.

2.2.2 Silanization of glass slides

Silanization of glass with 3-(acryloyloxy) propyltrimethoxysilane was carried out
following the procedure reported in Reference [58]. Glass substrates were surface
modified by immersion in ethanol or water solutions of the silane. The concentration
of silane was 0.2 vol% and 1 vol% in ethanol and 0.2 vol% in water. In the case
of ethanol solutions, the glass slides were immersed in the solutions for 2 hours
while they were heated to 70 °C and stirred with a magnetic mixer. The slides
were then washed for 15 minutes in fresh ethanol in an ultrasonic bath to remove
non-bound silane. In the case of water solution, the silanization was performed at
room temperature by immersing the glass slides for 5 minutes; then the slides were
rinsed with deionized water. For both water-based and ethanol-based silanization,
treated slides and plates were dried in an oven at 115°C for 1h to promote silanol
condensation.

For UV-curable coatings, the use of silane coupling agents is of particular interest.
Silane coupling agents show two types of functionality: an organofunctional group
R cable of co-reacting with the coating under irradiation and hydrolyzable groups X
able to form chemical bonds with inorganic materials as glass. The general formula
of the silane coupling agent is shown in Fig. 2.5.

Organofunctional  Linker Silicon Hydrolyzable
Group Groups

Fig. 2.5 General formula for silane coupling agent
The reaction between silane and glass in water solution results in the formation

of covalent bonds between the glass substrate and the silane (see Fig. 2.6). The
subsequent reaction between the R groups and the UV-curable resin forms durable
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bridging bonds between glass and coating. Silane coupling agents chemically bond
to substrates, that have hydroxyl end groups, by means of a reaction which develops
over 4 main steps. The first phase involves the hydrolysis of the terminal groups,
the hydrolysis is followed by the condensation reaction that takes place between
two hydrolyzed silane molecules leading to the formation of siloxane groups and
an oligomer. In the third step, the oligomer forms intermolecular hydrogen bonds
with a hydroxyl terminal of the substrate. During the last step the hydrogen bond is
replaced, with condensation, by a covalent bond, obtaining an oxygen bridge and the

generated water escapes from the system. The final result of reacting an organosilane

Organofunctional Linker Hydrolyzable groups

"""" TR m—
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@ {O—CHs
" +3CH,0H
OH — S| —OH R
o I
7N ::> OH — Si —OH
H  -H |
o o +H,0
Glass substrate Si

Fig. 2.6 Schematic representation of the deposition of silanes on substrate surfaces, adapted
from [3]

with a substrate ranges from altering the wetting or adhesion characteristics of the
substrate to ordering the interfacial region [3].
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Table 2.1 Composition of the EFD coating

Product Code phr

Ebecryl® 130 E 100
Fluorolink® MD700 F 1
Darocur® 1173 D 3

2.2.3 Preparation of test specimens

The composition of the coating investigated in this work is summarized in Table 2.1.

In the following, it is referred to as EFD, from the codes of its three constituents.

Reference coatings were made using 100 phr of Ebecryl® (E) or Fluorolink®

(F) added with 3 phr of photoinitiator Darocur®: they are labelled ED and FD,

respectively. For each characterization test, a specific protocol for the sample

preparation was followed:

* Specimens for water contact angle, resistance to water and UV-visible spec-

troscopy: coatings with 50um thickness were prepared on the substrate of
glass slides using a wire bar coater (Fig. 2.7). The thickness of the coating
was verified for a few of specimens by means of an optical microscope. The
constant value of the thickness of the coating is guaranteed by the use of a
wire bar coater and a consolidated procedure for the specimen production. The
wettability of the substrates was tested before use to check for the presence of

contaminants.

Specimens for single lap shear test: surface modified glass slides were used,
with a circular bonding area having a diameter of 4 mm. The procedure
sketched in Fig. 2.9 was adapted from Swentek and Wood [59]. A polytetraflu-
oroethylene (PTFE) mask (100 um thick), slightly larger than the overlapped
area of the two slides, was punched to obtain a circular hole; four perpendicular
cuts were pre-made on the PTFE mask in order to ease removal after the curing.
The mask was placed on one glass slide and the correct amount of resin was
placed into the circular hole with a syringe, then a second glass slides was
placed on top. The joint was then cured as described below, and the mask was
removed by tearing it apart. Finally, the lap shear specimens were mounted in

the tensile test set-up as shown in Fig. 2.10. Other glass slides were used as
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spacers for the alignment of the specimens, both during assembly and in the
dynamometer.

» Specimen for tensile test: resin specimens with formulations FD and ED were
prepared with a rectangular cross-section in an open aluminum mold. The
cross-section dimensions were 7.75x1.05 mm? for the FD resin, and 7.75x1.20
mm? for the ED resin (see Fig. 2.8).

* Specimens for water vapor permeability tests: a 100 um wire bar coater was

used to prepare the films.

Spiral bar
Glass slide coater

Fig. 2.7 Specimens preparation

Fig. 2.8 Resin specimen used in the tensile test
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Fig. 2.9 Scheme of the preparation of the single lap shear specimen and scheme of the lap
shear specimen mounted in the tensile test set-up

Fig. 2.10 Photo of the lap shear specimen mounted in the tensile test set-up



2.2 Materials and Methods 17

All types of specimens were cured with a 5000-EC UV flood lamp system
(Dymax Corporation, Torrington, CT, USA) with medium intensity mercury bulb
(Fig. 2.11). The intensity of the radiation was measured by means of a UV Power
Puck II radiometer (EIT, LLC., Leesburg, USA) and was tuned by changing the
distance between the specimens and the UV source. The coatings were cured with
an intensity of 100mW cm ™2 for 2 min under N, flow, after 30s of N flow prior to
curing. The lap shear specimens were cured at 100mW cm ™~ intensity in air for 3

min (1.5 min per side).

A Yy

Sample
container

Fig. 2.11 UV curing system

2.2.4 Characterization methods

Static contact angle measurements were performed in order to assess the surface
properties of both glass and EFD coating (Fig. 2.12). A Kriiss DSA100 instrument
(KRUSS GmbH, Hamburg, Germany) was used, equipped with video camera and
image analysis software, with the sessile drop technique. Water and hexadecane
were the testing liquids and each measurement was repeated five times. Water and
hexadecane drops were 10ul and 5ul, respectively. Contact angle measurements
were used to estimate the surface energy of the coating, according to the geometric
average model [60]:

(l—i—cosei)%:Z(\/%—i— \/ﬁ) (2.1a)
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Yo=v + 9 (2.1b)

where 6; is the contact angle measured on the solid for the liquid i (water or hex-
adecane); %;, '}@i and ¥/, indicate the surface energy of the solid surface (polymer),
and its dispersive and polar components, respectively. The surface energy values
used for the calculations, embedded in the internal library of the FTA32 Software
(First Ten Angstroms,Portsmouth, VA, USA), are for water J, = 72.8mNm!,
y“é =21.8mNm !, vh = 51.0mNm~!, and for hexadecane Y = 28. 1mNm !,
yff =28.1mNm !, y;’l’ = 0.0mNm~'. Water contact angle analyses were repeated
after the lap shear mechanical tests on the site of detachment of the joints. In this case,

due to the small area of interest, only one measurement per sample was performed.

Fig. 2.12 Water drop on UV-cured coating

The surface roughness of bare and coated glass slides was assessed with a Surftest
201 series 178 portable measuring instrument (Mitutoyo Italiana S.r.L.. Lainate (MI),
Italy), according to DIN 4768 standard [61]. The sampling length was set at 0.8 mm
and the evaluation length was taken as three times the sampling length; the arithmetic
average roughness R, the mean roughness depth R,, and the maximum roughness
depth R, were reported.

A JENWAY 6850 UV/Vis (Cole-Parmer, Stone, UK) UV-visible spectrophotome-
ter was used to evaluate the transparency of the coatings; standard British glass slides
were used as reference.

Resistance to water was assessed by immersion of the coated glass in demineral-
ized water for 14 days at room temperature (RT), followed by 4 h at 60 °C. Daily
inspections were performed according to the ASTM D870-15 (2015) standard [62].



2.2 Materials and Methods 19

Gloss values were measured with a ZGM 1020 glossmeter with a 60° angle (P.
Zehtner Testing Instruments, Reigoldswil, Switzerland). A glass slide was taken as

reference, and the relative change in gloss due to the coating was evaluated.

Single lap shear tests and tensile tests were performed by means of an Instron
3366 electromechanical universal testing machine (ITW Test and Measurement Italia
S.r.l. Instron CEAST Division, Pianezza (TO), Italy) equipped with a 10 kN load
cell. In order to perform the lap shear test, six specimens with formulation EFD were
employed with a cross head speed of 5 mm/min; the adhesive strength of the joint,
Tmax> Was calculated as the ratio between the maximum load F,,,, obtained during
the lap shear test and the initial bonded area, which was calculated from the diameter
of the PTFE mask’s circular hole. To perform the tensile test, three resin specimens

were used for both ED and FD formulations.

A MultiPerm permeometer (ExtraSolution made by PermTech, Pieve Fosciana,
Italy) was used to measure the Water Vapor Transmission Rate (WVTR). The test
conditions were adapted from the ASTM F372-99 (2003) standard [63]; relative
humidity was set at 80%. WVTR of each coating was evaluated as the average
of three measures and compared to a standard 25 um PET film, used as reference
for barrier to water properties. All the specimens were subjected to a conditioning
cycle to remove the residual humidity from the chambers and the films, bringing the
system to the set temperature; the duration of conditioning cycle was 15 h. All the
WVTR results were normalized to a thickness of 25 um, according to Eq. (2.2):

WVTR ]

where [ is the thickness of the film in um. Specimen thickness was measured with a
coating thickness gauge QuaNix 7500 (Automation USA, Westminster, USA). An
optical microscope Olympus BX53M (Olympus Corp., Tokyo, Japan) was used to
analyze the morphology of the films before and after permeability tests.
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2.3 Results and discussion

2.3.1 Physical and chemical properties of the coating

In order to prevent stress corrosion of glass, a protective coating made with a
cycloaliphatic acrylic resin copolymerized with a methacrylic perfluoropolyether
(PFPE) and an acrylic silane primer, cured by UV-light, has been developed. The

composition of the coating, referred to as EFD, is shown in Table 2.1

The wettability and the surface energy of the coating were estimated through
water and hexadecane static contact angle measurements (see Eqs. (2.1a) and
(2.1b)). The static contact angles values were 103.18° + 1.58° and 52.10° +
2.18° for water and hexadecane, respectively. The calculated surface energy was
¥, = 19.18mNm~!, with a polar component ¥’ = 1.36mNm~"' and a dispersive
component ysd = 17.92mNm~!. This value is much lower than the coating without
fluorinated co-monomer and similar to the pure PFPE [58]. The obtained results
indicated and confirmed that the presence of PFPE monomer in a small amount
(1 phr) ensures a strong surface modification, because it is able to migrate to the
surface exposed to air, creating a compositional profile in the coating as discussed in

a previous work [64].

The surface roughness, measured according to DIN 4768 [61], was similar
for the bare glass slide and for the ED coating, while it was higher for the EFD
coating. The FD coating could not be assessed as it was scratched by the stylus
tip during the measurement. For the glass slide the values obtained were R, =
0.05 £0.005um, R, = 0.3 +0.05um, and Ry, = 0.3 = 0.05um; for the ED coating
Ra = 0.06 +0.02um, R, = 0.3 £0.05um, and R,;;, = 0.3 £0.1um; for the EFD
coating R, = 0.21 £0.08um, R, = 2.4+ 1.1uym, and R,y = 3.8 =2.3um.

UV-visible analysis was done on the EFD coating in order to evaluate its trans-
parency, which is relevant to preserve the properties of glass. The results are shown in
Fig. 2.13, where they are compared to ED (formulation with only Ebecryl® 130 and
Darocur® 1173) and FD (formulation with only Fluorolink® MD700 and Darocur®
1173) spectra taken from Reference [58]. The transmittance is higher than 80% in
the visible range for all the formulations, which means that the transparency of glass

is almost completely preserved.
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Fig. 2.13 UV-VIS spectra of ED, FD and EFD coatings

The gloss measurement revealed that when the ED coating was applied on the
glass slides, the gloss increased by 5% with respect to the bare slide, while with
the FD and EFD coatings it decreased by 22% and 20%, respectively. This again
suggests that the surface of the coating is enriched in the PFPE monomer which is
characterized by lower gloss values.

Barrier properties were assessed by WVTR,5 tests (as defined in Section 2.2.4),
performed on the UV-cured films and the results were compared to a polyethylene
(PET) film which showed WVTR,5 = 22.4+0.45 g/(m?24h). The WVTR»5 results
are presented in Table 2.2. The coating made only of PFPE (FD) was very leaky;
whereas the results of ED and EFD coatings were similar. Therefore, it was proven
that the permeability to water of the coating is not affected by the presence of a small
amount of fluorinated component. The WVTR2S5 of the EFD film was of the same
order of magnitude as the PET, showing acceptable barrier to water properties.

Before and after the permeability measurements, the films morphology was
observed with an optical microscope in order to find possible evidence of degradation
due to the exposure to water vapor. A magnification of the EFD and FD film surfaces
after the permeability tests is shown in Fig. 2.14: the EFD film did not show
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Table 2.2 Barrier to water results

Composition ~ WVTRs

g/(m?24h)
EFD 87.1+15.8
ED 53.1+7.76
FD 316 +£20.2

‘ M 100 um
(a) (b)
Fig. 2.14 Surface of EFD (a) and FD (b) coatings after permeability test

significant damage, while on the FD surface several pinholes were visible. The
presence of pinholes in the coating is consistent with the high value of WVTR5

obtained.

2.3.2 Mechanical properties of the coating: adhesive and tensile
strength

The adhesion properties between the photopolymerized EFD coating and glass
were studied. In order to improve the adhesion between the glass substrate and the
coating, a silane coupling agent was used to functionalize the glass surface. A silane
with an acrylic functional group was chosen, so that it can co-react with UV-cured
coating creating covalent bond. Different concentration of silane in different solvents
were tested in order to select the most economic and environmentally friendly

solution in view of a commercial application. Water contact angle was performed on
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Table 2.3 Results of immersion test of coated glass with different silanization conditions

Glass surface treatment Coating failure
None 1 day
Silanization 0.2 vol.% in ethanol No
Silanization 1 vol.% in ethanol No
Silanization 0.2 vol.% in water No

untreated and silanized glass, as the successful modification of the glass surfaces is
expected to significantly modify the surface hydrophilic character [65]. As expected,
the value obtained on the untreated glass slides was lower than 10°, confirming
the full wettability of the raw substrates. The surface functionalization of glass
with the silane increased the 6,, in all the tested conditions. Similar results were
obtained with 1 vol.% silane in ethanol (6,, = 69.4° +3.1°) and 0.2 vol.% silane in
water (6,, = 67.6° +4.1°). With 0.2 vol.% in ethanol the contact angle was lower
(6,, = 56.6° £ 3.0°); therefore the silanization process in water was more efficient,

which is relevant for economic and environmental sustainability reasons.

A preliminary assessment of adhesion was performed checking the resistance
upon immersion in water. The coating was cured on untreated and silanized glass.
Tab. 2.3 shows the results obtained after 14 days of immersion in water at Room
Temperature (RT) followed by 4 h of immersion at 60°C: in the "Coating failure"
column the time elapsed before the detachment of the coating from the glass substrate
is reported. The coating detached from the untreated glass after 1 day at RT, whereas
all systems with treated substrates survived the entire immersion test, confirming the
effectiveness of the surface silanization in the improvement of adhesion and water

resistance.

Single lap shear tests (for which the geometry of the specimens and the set up
are described in Section 2.2.4) were performed on EFD joints on silanized glass
slides, as shown in Figs. 2.9 and 2.10 . The shear stress vs. displacement curves are
reported in Fig. 2.15 and the obtained average 7, is reported in Table 2.4, together
with the data regarding the inspection of the joints after failure. In the table are also
reported the data obtained for FD and ED, taken from Reference [58]. The average
value of 7,4, obtained for EFD specimens was 24.9 2.8 MPa, which proved a good
adhesion between the glass substrate and the photopolymerized formulation. It is

worth noticing that the adopted single lap shear set-up (see Fig. 2.9) does not provide
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only shear stress, but also additional moment, geometrical singularities, and material
singularities. As a consequence, the actual adhesive strength has to be greater than
the evaluated one. Furthermore, it is important to remark that the result refers to the

air side of the glass.
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Fig. 2.15 Stress-displacement curves obtained in the lap shear test for EFD joints on silanized
glass

In absence of silanization it was not possible to perform the single lap shear
test because the adhesion was so poor that the glass slides detached during the
preparation of the specimens. The values of 7,,, are very similar for ED and EFD,
while the reported 7,4, for FD specimens is lower: the results proved that the small
amount of fluorinated component does not affect the adhesion properties of the
coating, assuming that the PFPE chains migrate far from the glass surfaces. For
all the specimens the joint failed leaving the entire polymer disk on one side of
the joint. The sites of the glass slides where the joint detached (detachment sites)
were inspected with water contact angle measurements. For the ED and EFD joints
the water contact angle measurements gave similar results, and the measured value
confirmed that the glass surfaces were still silanized. For the FD joints, the contact
angle value was higher, which probably indicated a residual presence of the polymer.
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Table 2.4 Results of the lap shear test: 7, is the shear strength, 6,, is the water contact

angle measured on the glass surface at the joint detachment site right after the lap-shear test,
I, . . .

0,, is the water contact angle measured on the detachment site after rinsing

EFD ED FD

Tmax MPa) 24.9+28 245428 58+1.0
6,(°)  684+25 61.5+2.6 75.1+2.5
6, (°) 658428 60.8424 72.6+4.3

Fluorolink® Ebecryl®
251 — sample_1 ) 401 — sample_1
2.0 sample_2 / sample_2
— —— sample_ 3 ~ 301 — sample 3
© ©
a 1.5 o
= = 20
o 1.0 o
0.5 101
0.01° , 01" , , .
0.0 0.4 0.8 1.2 1.6 0.0 0.2 0.4 0.6

Displacement (mm) Displacement (mm)
(a) (b)

Fig. 2.16 Tensile test results for (a) the FD formulation and (b) the ED formulation

Tensile tests were performed on the FD and ED specimens of Fig. 2.8. The stress-
displacement curves of the cured FD and ED specimens are reported in Fig. 2.16.
Both resins showed a brittle rupture under the experimental conditions applied.
However, the average tensile strength of the FD specimens was Opp jqx = 2.48MPa,
that is one order of magnitude lower than that of the ED specimens Ogp juax =
35.98MPa .

2.4 Conclusions

The EFD coating was prepared with a co-reactive silane primer, a cycloaliphatic
UV-curable resin, a fluorinated methacrylate co-monomer, showing good barrier to
water vapor, hydrophobicity, transparency and adhesion properties. Good adhesion
and high water repellency were present at the same time thanks to a compositional
gradient. The hydrophobic behavior was due to the presence of a low amount (1 phr)
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of the fluorinated co-monomer which was selectively enriching the outer surface of
the coating. The adhesion was due to the covalent bonding between the silane layer
and the coating itself. The obtained results are very promising in terms of water
repellency, permeability and adhesion to glass, however, the coating’s effectiveness

in preventing stress corrosion has yet to be proven.

A wide experimental investigation was carried out and it will be presented in
Chapter 3 to investigate the effectiveness of the coating in glass stress corrosion
prevention on different kinds of glass, including also aged glass. Moreover, the
coating durability is an issue that will be tackled in Chapter 4. In this context, the
durability of the coating against mechanical ageing, natural and artificial weathering
will be considered by exposing coated specimens to cyclic loads, UV radiation, heat

and water.



Chapter 3

Assessment of the effectiveness of the
coating for new and aged glass'

3.1 Introduction

A polymeric coating was prepared using an UV-curable formulation, based on
a hydrocarbon acrylic resin (Ebecryl® 130, by Allnex Belgium SA, Drogenbos,
Belgium) and a photoinitiator (Darocur® 1173, by BASF, Germany), added with a
small amount (1 phr) of a fluorinated methacrylate (Fluorolink® MD700, by Solvay
Specialty Polymers, Bollate Milano, Italy). The formulation, whose details can be
found in Chapter 2, was coated on glass, previously treated with a silane primer
containing an acrylic group (3-(acryloyloxy) propyltrimethoxysilane, Alfa Aesar
by Thermo Fisher (Kandel) GmbH, Karlsruhe, Germany). The primer modifies the
glass surface by reaction with the silanol groups, while through the acrylic functions
it co-reacts with the (meth)acrylic resins upon UV irradiation. Forming covalent
bonds between the soda-lime glass and the coating, it increases the adhesion strength.
In the case discussed in this Chapter, the silylation of the glass was performed by
immersing the specimens in solutions of the silane in water (0.2 vol%) for 5 min at
room temperature, rinsing them with de-ionized water and drying them in an oven at
100 °C for 30 min to facilitate silanol condensation. The coating was spread on the

glass surface by a wire wound bar, and cured by UV irradiation, according to the

IPart of the work described has been previously published in:
G. Mariggio, S. Dalle Vacche, R. Bongiovanni, C. Louter, M. Corrado. Enhancing the design bending
strength of new and aged glass with a functional coating. Glass Struct. Eng. 5, 135-146 (2020).
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procedure reported in Chapter 2. After irradiation a transparent solid film, with a
thickness of 50 um, as revealed by inspection with an optical microscope and shown
in Fig. 3.1, was obtained. The thickness of the coating was verified for a few of
specimens, its constant value is guaranteed by the use of a wire bar coater and a

consolidated procedure for the specimen production.

Coating

Fig. 3.1 Cured coating on the glass substrate

The formulation here described was chosen to provide a compositionally graded
coating able to ensure within one layer good barrier to water vapor, hydrophobicity,
transparency and adhesion properties, as needed for hindering the stress corrosion
of glass. The hydrocarbon resin is transparent and has acceptably low water vapour
transmission rate (WVTR,s), however it is not water repellent, as shown by the water
contact angle Oyaeer Which is lower than 90°. The fluorinated resin has high water
repellency (water contact angle Oyqer higher than 90°), but has high permeability,
and shows poor adhesion strength (7). The properties of the resins and of the
compositionally graded coating were studied in Chapter 2, and are summarized in
Table 3.1 for convenience.

Table 3.1 Properties of the coating and of its components

Composition WVTR5 Owater Adhesion strength
(g/m>/24h) (°) 7 (MPa)
Compositionally graded coating 87.14+15.8 103.2+£1.6 249428
Hydrocarbon acrylate resin 53.1+£7.8 67.6t4.1 245+2.8
Fluorinated methacrylate 316.0£20.2 102.9+2.6 5.8+£1.0

As discussed in Ref. [53, 66, 67], adding a small amount of a fluorinated resin to
a hydrocarbon resin results in a compositional gradient as sketched in Fig. 3.2: due
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to the difference in polarity between the two resins, the fluorinated one selectively
migrates to the air surface and is not present at the glass interface. This gradient
becomes irreversible after curing under UV light the latter. Therefore, the coating
shows the water repellency of the fluorinated component, although it is present at
low concentration; the adhesion and water vapour transmission rate are not affected
as these properties are imparted by the hydrocarbon resin covalently linked to the

silane primer at the glass interface.

@ Wire-wound bar UV irradiation

Silanized Glass

1 =
\\,/\,‘3/
A """s' =~@~_= Hydrocarbon Resin
\\ @~ Fluorinated Resin
E N Photoinitiator
= Silane
before curing after curing

Fig. 3.2 Schematic representation of the compositionally graded coating

3.2 Experimental protocol

3.2.1 Coaxial double ring test

The effectiveness of the coating in protecting glass surfaces against stress corrosion
was assessed experimentally by comparing the load-carrying capacity of coated and
un-coated specimens. Equibiaxial bending tests were carried out with a coaxial
double ring setup having the supporting ring with diameter Dg = 90 mm and the
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loading ring with diameter D; = 40 mm (see Figs. 3.3 and 3.4). Square glass samples
were tested, with nominal thickness # = 4 mm and edge size [ = 120 mm (see
Fig. 3.4). The actual thickness of the samples was measured for all glass typologies
involved in this study, its value approached 4 mm and remained almost constant
for all glass samples. The dimensions of the testing rig and the samples, and their
ratios were designed according to the prescriptions provided by the ASTM C1499-19
[68] Standard, in line with a number of similar experiments recently carried out
to investigate the bending strength of glass ([18, 16, 69]). A servo-hydraulic MTS
universal testing machine was used, with a load cell capacity of 10 kN. The loading
ring was connected to the testing machine with an articulated joint to ensure uniform

contact between the loading ring and the surface of the specimen.

Four typologies of glass samples were tested: (i) new un-coated glass samples
(NU), (ii) new coated glass samples (NC), (iii) naturally aged un-coated glass samples
(AU), (iv) naturally aged coated glass samples (AC). Sets of 25 and 20 specimens
were tested for un-coated and coated glass, respectively. To ensure constant and
harsh environmental conditions for stress corrosion, the supporting ring and the
specimens were inserted in a watertight container filled with water, for the entire
duration of the test (see Fig. 3.3b).

Both new and aged glasses were soda-lime glass, as proven by the FTIR-ATR
(Fourier Transform InfraRed-Attenuated Total Reflection) spectroscopy carried out
on selected samples and shown in Fig. 3.5. Peaks of the absorbance at 910cm™!
and 768cm ™! are representative of the symmetric and asymmetric vibration of the
Si-O-Si bond [70]. The IR spectra of the new and aged glasses used in this study are
compared to that of a microscope slide made of low-iron soda-lime glass. All the

three spectra shown in Fig. 3.5 are perfectly overlapped.

Concerning the ageing conditions of the naturally aged glass samples, they were
cut from glass panes of single glazing windows obtained from refurbishment works
of a low-rise building located in Torino, Italy. Their service life was between 25
and 30 years. Inspection by means of an optical microscope showed no differences
between the two faces of the aged glasses in terms of size and shape of flaws and
scratches. Since the adhesion property of the coating was assessed for the air side
of the glass (see Section 2.3.2), we chose to test the side exposed to air during the
production of the glass panes, in accordance with the criterion adopted for the new

glass specimens. Consistently, the coating was applied on the air side in all the cases,
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Fig. 3.3 Coaxial double ring set-up: (a) sketch; (b) detail of the water container; (c) global
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Fig. 3.4 Glass specimen geometry

while a self-adhesive film was applied on the tin side in order to hold the fragments

together after breaking of the specimen.
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Fig. 3.5 FTIR-ATR spectra of new and aged glasses, compared to that of a reference soda-lime
glass

The loading tests were carried out under displacement control. Two series of
tests were carried out on the un-coated specimens: one with a low displacement rate,
equal to 0.7pum/s, which corresponds to a stress rate of 0.15 MPa/s, and the other
one with a high displacement rate, equal to 14.0um/s, which corresponds to a stress
rate of 3.0 MPa/s. The low rate caused fracture of the samples within 600-900 s,
whereas the high rate within 30-50 s. Therefore, the specimens tested at the high
displacement rate are only slightly affected by stress corrosion, as reported in the
literature [49], while remaining in the quasi-static regime. It is worth noting that
the effects of stress corrosion are negligible only with higher stress rates, which
approach the dynamic regime [26]. The stress rate equal to 3.0 MPa/s was used in
place of 2.0 MPa/s, which is the stress rate advised by European standards (see e.g.
[71]), in order to further limit the test time and, consequently, the effect of stress

corrosion. The coated specimens were tested only at the low displacement rate.
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The equibiaxial strength, of, was calculated from the failure load, F', by means
of the following equation, provided by ASTM C1499-19 [68]:

2 2
3F D{-D}

D

O;
f 2D2 Dy

3.1
where: F is the failure load, /4 is the nominal thickness of the specimen, Dg and Dy,
are the diameters of the supporting and loading rings, respectively, D is the diameter
of the glass specimen, and v = (.22 is the Poisson’s ratio of glass. For a rectangular
test specimen, D is the diameter of a circle that expresses the characteristic size of

the plate as follows:

l
D= A D (3.2)
0.90961 +0.12652170.001681n S
N
where:
1=0.5(+1b) (3.3)

and /1 and [, are the lengths of the edges.

3.2.2 Statistical analysis of strength data

The Weibull distribution is traditionally thought to be the best method for statistically
characterizing the strength of brittle materials [72]. In particular, the glass strength

distribution, oy, can be represented by a two parameter Weibull distribution function

(see Fig. 3.6a):
Pr=1—exp {— (%f)ﬁ} (3.4

where P is the cumulative distribution function of failure, and 8 and 6 are the
Weibull shape and scale parameters, obtained by the best-fitting of experimental
data.

The Weibull distribution function can be linearized by taking the logarithm twice

(see Fig. 3.6b):
In (ln ( ! )> = BIn(ocf) — BIn(0) (3.5)
1—F
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Fig. 3.6 (a) Weibull cumulative distribution function; (b) Linearised Weibull cumulative
distribution function

According to EN 12603 [73], B and 6 parameters were calculated with the good

linear unbiased estimators method:

A nk
B= - L (3.6)
ﬁ Z In O; — Z In O;
i=s+1 i—=1
A 1& 1
0 =exp |- Z Ino; + 0.5772E 3.7)
ni=

where: n is the sample size, s is the largest integer less than 0.847, and the values of
k,, estimated as a function of the sample size n, are listed in Table 3 of EN 12603
[73].

Strength data, of, were ranked in ascending order (i = 1 to n) to build an Ordered
Sample. Then, a probability of failure was assigned to each value o; of the Ordered
Sample by means of probability estimators G;:

. 1—03

G = 3.8
" n+04 (3.8)

Finally, each point (o, G,-) was plotted into the Weibull diagram, which relates
the probability of failure (%) to the failure stress (MPa).



3.3 Results and discussion 35

3.3 Results and discussion

3.3.1 Experimental results

The experimental bending strength values oy are listed in ascending order in Table 3.2
for all the types of glass samples: (i) new un-coated glass samples tested at low
stress rate (0.15 MPa/s) (NU low rate), (ii) new un-coated glass samples tested at
high stress rate (3.0 MPa/s) (NU high rate), (iii) new coated glass samples tested at
low stress rate (NC low rate), (iv) naturally aged un-coated glass samples tested at
low stress rate (AU low rate), (v) naturally aged un-coated glass samples tested at
high stress rate (AU high rate), and (vi) naturally aged coated glass samples tested at

low stress rate (AC low rate).

3.3.2 Weibull analysis of the glass bending strength

The Weibull diagrams for new and aged un-coated specimens tested at low stress rate
(0.15 MPa/s) are shown in Fig. 3.7. Both sets of data are well fitted by a straight line,
proving that they can be appropriately interpreted with the Weibull statistics. The
curve that best fit the data points of AU specimens (rhombus markers) is characterized
by 3 — 5.25 and O = 46.83 MPa, while that for NU specimens (square markers) has
B =5.16 and O = 68.25 MPa. As expected, the parameter B, which represents the
slope of the linearised Weibull diagram and therefore is indicative of the strength
scatter, is almost the same for new and aged glass. The obtained values are within
the range of values reported in the literature for flat glass, namely 3—7 [74]). On the
contrary, the parameter 6, which is the bending strength associated to a probability
of failure of 63.2%, is lower in the case of aged glass, because of the presence of
larger surface defects. Graphically, the increase of strength is represented by a shift

of the curve towards higher values of failure stress.

The Weibull diagrams for new un-coated specimens tested at low and high stress
rates, and for new coated specimens tested at low stress rate are shown in Fig. 3.8.
Again, all the three sets of data are well fitted by the Weibull distribution function.
The increase of the imposed stress rate reduces the effect of the stress corrosion,
thus leading to a shift of the data points toward higher values of strength (triangles).
Such a strengthening effect can be clearly quantified by the parameter 6, which
increases from 68.25 MPa to 85.34 MPa. The effectiveness of the developed coating
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Table 3.2 Strength data or in MPa for each type of glass

NU NU NC AU AU AC
Specimen low rate highrate lowrate lowrate highrate low rate

1 30.66 46.25 75.59 25.67 37.42 35.69
2 35.32 54.30 83.80 31.21 46.99 37.56
3 40.34 55.62 93.99 32.02 48.35 62.62
4 44.65 57.83 96.03 34.33 48.89 66.45
5 46.32 63.63 100.27  34.70 48.99 70.63
6 55.93 65.03 102.58  37.86 50.08 73.21
7 56.64 69.10 106.96  38.03 51.71 81.53
8 58.03 69.17 108.42  38.13 52.46 84.01
9 59.70 70.63 109.24  39.08 53.37 87.0
10 62.51 71.75 109.99  39.32 53.88 88.29
11 63.87 74.20 11491 40.51 55.34 93.79
12 64.14 77.35 117.93  40.58 58.09 94.26
13 68.18 78.64 119.26  41.80 59.79 101.02
14 70.77 84.38 129.03  43.57 59.96 103.33
15 71.0 86.66 136.27  43.94 64.61 109.44
16 72.97 88.25 143.02  45.54 71.74 112.97
17 73.58 89.88 148.70  45.98 72.73 114.67
18 73.75 91.17 - 46.86 78.67 115.42
19 77.52 92.12 - 46.89 82.20 -

20 78.03 93.99 - 47.57 84.68 -

21 78.75 94.23 - 50.80 85.09 -

22 83.67 97.01 - 51.55 86.49 -

23 84.96 98.23 - 54.36 88.49 -

24 - 100.51 - 56.47 91.27 -

25 - 105.44 - 62.11 91.82 -

in preventing stress corrosion is evident from the results shown in Fig. 3.8. The
set of points representing the probability of failure of NC specimens at low stress
rate (circles) is the most shifted rightwards, being characterized by 6 = 121.83
MPa. The parameter 3 has very similar values in the three cases. In the same
diagram a horizontal dashed line is drawn to indicate the probability P = 0.8%,
which corresponds to a commonly used probability of failure for glass design [75]
and adopted by the American National Standard ‘Standard Practice for Determining
Load Resistance of Glass in Buildings ASTM E1300-16 [5]. The selection of
the design probability of failure intends to quantify the performance improvement
of coated glass compared to uncoated glass, rather than define a specific design

glass strength for all the glass typologies tested. Therefore, probability of failure
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Fig. 3.7 Weibull distribution function of the probability of failure for new (NU) and naturally

aged (AU) un-coated glass samples tested at low stress rate. The specimens subjected to
microscopy inspection after the test are identified by a label

lower than 0.8 % could be also selected by aiming to compare the performance of
coated and uncoated glass. By extrapolating the experimental data points through
the best fitting Weibull distribution functions, the following design bending strengths
are obtained: 26.8 MPa for NU low rate specimens, 37.3 MPa for NU high rate
specimens, and 51.4 MPa for NC specimens. Therefore, we can conclude that the

coating allows to increase of about 92% the design bending strength.

Very similar results were obtained in the case of naturally aged glass specimens.
The Weibull diagrams for aged un-coated specimens tested at low and high stress
rates, and for aged coated specimens tested at low stress rate are shown in Fig. 3.9.
The data points referred to AU low rate and AC sets of specimens are well approxi-
mated by the Weibull distribution, except for two points of the set AC, which are
out of trend, whereas the results of the set AU high rate are more departed from the
straight line representative of the Weibull distribution. As obtained in the case of
new glass specimens, the un-coated aged glass tested at low stress rate exhibited
the lowest strength, 6 = 46.83 MPa, followed by the un-coated aged glass tested at
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Fig. 3.8 Weibull distribution function of the probability of failure for coated (NC) and un-
coated (NU) new glass samples. The specimens subjected to microscopy inspection after the
test are identified by a label

high stress rate, 6 =71.95 MPa, and the coated specimens, 6 = 92.71 MPa. With
reference to the design probability of failure of 0.8%, the application of the coating
to aged glass leads to an increase of the design bending strength of about 62%, being
the design strength of coated glass equal to 30.2 MPa, and that of un-coated glass
equal to 18.7 MPa.

All the results of the statistical analysis carried out on the experimental data
are summarized in Tab. 3.3. They include, for each series of tests, the number of
specimens that failed in an acceptable way, the Weibull shape parameter B, the
Weibull scale parameter 8, the coefficient of variation CV, and the design bending

strength 6{-‘70.008.
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Fig. 3.9 Weibull distribution function of the probability of failure for coated (AC) and un-
coated (AU) naturally aged glass samples. The specimens subjected to microscopy inspection
after the test are identified by a label

Table 3.3 Statistical data of the experimental results

Id. Type of Coating Loading No.of Weibull Weibull
code glass rate valid  param. param. v 6t,0.008
(MPa/s) specimens B 6 (MPa) (%) (MPa)
NU low rate  new un-coated 0.15 23 5.2 68.3 242 2638
NU high rate new un-coated 3.00 25 5.8 853 20.6 37.3
NClowrate new  coated 0.15 17 5.6 121.8 17.7 514
AU low rate  aged un-coated 0.15 25 5.3 46.8 19.6 18.7
AU highrate aged un-coated 3.00 25 4.3 72.0 257 234
AC lowrate aged  coated 0.15 18 4.3 92.7 28.2 30.2

3.3.3 Comparison between Weibull, Normal and Log-Normal
distributions

Comparisons with the Normal, Log-Normal and Weibull distributions are made
with the Anderson Darling goodness-of-fit test, that is commonly used during the

assessment of glass strength data [69].
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Fig. 3.10 (a) Normal and (b) Log-normal probability plots for the experimental failure stress
values of new glass

The data listed in Table 3.2 were interpreted through the three different distribu-
tion functions. The results were compared in order to determine which distribution
best fits the experimental data. The data are correlated to the best fits for Normal
and Log-Normal distributions in the linearised graphs shown in Figs. 3.10 and 3.11.
The graphs allow for a visual assessment of data fitting, to have a good fit, the plots
should be a straight line.

The parameters of the Gaussian and Log-Normal distribution are estimated
according to the moments method. The mean u and variance s> of the Normal

distribution are obtained from the sample mean and variance:

N
== Z Ot (i) (3.9a)

(3.9b)

being n the sample size and oy(;) the sample data.

The Log-normal distribution is related to the Normal distribution. If a variable is
log-normally distributed, then the logarithm of that variable is normally distributed.

Thus, taking the logarithm of the observations, the log-normal parameters estimation
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Fig. 3.11 (a) Normal and (b) Log-normal probability plots for the experimental failure stress
values of aged glass

can be performed using a normal analysis procedure:

M:

1
fi=-Y In(oy) (3.10a)
n; i=1

n

—f1)? (3.10b)

The Anderson-Darling (AD) test is used to determine whether the set of data
can be adequately represented by a distribution function. The test compares the
cumulative Normal, Log-normal and Weibull distribution functions, that fit the

observed data best, with the cumulative distribution functions of the observed data.

The Anderson-Darling test is performed according to references [76] and [77].
The AD test statistic for Weibulness is:

"1 A\ B N
——n+21 2l{ln[1—exp(—(?) )]—(%) } 3.11)

and the observed significance level is calculated as:

pap = 1/{1+exp[—0.10+ 1.24In(AD*) + 4.48(AD")]} (3.12)

where
AD* = (1 +O.2/n1/2> AD (3.13)
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The pap is a measure of the goodness of fit of the two-parameter Weibull distribution
to the data. The greater the psp value, the closer the experimental cumulative
distribution and the Weibull distribution are. If p4p < 0.05, it is possible to conclude
(at 5% risk of being wrong) that the population from which the sample was drawn
is not a two-parameter Weibull population. Otherwise, the hypothesis that the
population is a 2-parameter Weibull population is not rejected.

The Anderson-Darling test statistic for Normality is:
120 opiy) — [
AD=-n + Y l{ln [Fo (M)}
= n §

tln {1 —F (Mﬂ } (3.14)
S

where Fy is the standard normal distribution function. The observed significance

level is calculated as:
pap = 1/{1+exp[—0.484+0.78In(AD*) +4.58(AD")|} (3.15)

where AD* = (1+4/n—25/n*) AD.

Finally, in order to test the goodness of fit of the Log-normal distribution, the
Anderson-Darling test for normality can be performed on the data In (oy;)).

To summarize all the results, the observed significance levels psp and the 0.8%
fractiles associated with the various statistical models are listed in Tab. 3.4, where
the lowest 0.8% fractile and the highest goodness-of-fit index, pap, are indicated in
bold for each type of glass.

Based on the results of Tab. 3.4, the Weibull distribution does not always produce
the best goodness-of-fit, however, on average, it is the most accurate method to
statistically represent the failure stress of the various type of glass. Moreover, it
worth noticing the Weibull statistic is the most conservative, as in five out of six
cases, it returns the least 0.8% fractiles. In conclusion, it is important to remark
that the sampling distribution of the naturally aged un-coated glass samples (AU
high rate) can not be properly represented by the Normal, Log-Normal and Weibull
distributions as shown in Tab. 3.4 and in Figs. 3.11 and 3.9. The experimental
results could be more accurately interpolated by a bilinear and bimodal Weibull
distributions in accordance with the findings of Ballarini et al. [78]. Otherwise, the
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Table 3.4 Comparison between the three statistical distributions

Type of glass Normal Log-Normal Weibull

O0£,0.008 PAD ©Of0008 PAD ©Of0.008 PAD
(MPa) (MPa) (MPa)

NU low rate 263 022 3130 0.02 268 0.31
NU highrate 398 035 4550 0.17 373 047
NC low rate 639 064 7126 0.71 514 0.29
AU low rate 225 074 2587 075 18.7 0.30
AU highrate 247 0.01 33.82 0.04 234 0.01
AC low rate 271 034 3541 0.01 302 0.35

Anderson-Darling test shows that the experimental results for the other typologies
of glass can be realistically represented by the Weibull distribution. As a result, the
effectiveness of the coating can be effectively quantify by comparing the Weibull

distributions for coated and un-coated glass tested at low stress rate.

3.3.4 Microscopy inspection

After each test, the crack pattern was carefully analysed by naked eye to identify the
position of the flaw that caused the specimen failure (see, for example, Figs. 3.12a
and 3.13a, where the critical flaw is pinpointed by a black arrow) and to discard
possible invalid tests, i.e., those with origin of failure located outside the loading
ring. Moreover, an inspection with an optical stereo microscope Nikon SMZ18 was
carried out on selected specimens to investigate the relation between flaw size and
failure stress and the effect of the coating. Starting from the identification of the
likely origin of failure (Fig. 3.12a), a first magnification of the lateral face of the
fragment has permitted to identify the different regions of crack propagation that
develop around the origin, i.e., mirror, mist and hackle zones, and Wallner lines
(Fig. 3.12b). Finally, a further magnification permitted to reveal and measure the
size of the critical flaw (Fig. 3.12c).

The microscopy inspections shown in Figs. 3.12 and 3.13 refer to a new un-
coated specimen, identified with the id. number 21NU, and an aged un-coated
specimen, identified with the id. number 24 AU, respectively. These two specimens
had the same kind of critical defect, namely a pit, and a similar probability of failure,
being P; = 88.5% for 21NU and P; = 93.3% for 24AU (see Fig. 3.7). However,
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different values of failure stress, o = 78.7 MPa for 21NU and o = 56.5 MPa for
24 AU, correspond to the same probability of failure because of a different distribution
of defect size for new and aged glasses. In fact, the depth of the critical flaw is about
35 um for specimen 21NU and 60 um for specimen 24AU. In this case, the difference
in the failure stress can be easily interpreted on the base of the relationship between
failure stress and crack size derived from linear elastic fracture mechanics:

Of = YK—\/Ifr_a’ (3.16)
where: Y is a geometry and loading factor, a is the crack depth, and Kj¢ is the fracture
toughness. Moreover, given a fracture toughness for soda-lime glass K;c = 0.75 MPa
m? and, considering the shape of the cracks (see Figs. 3.12 and 3.13), a geometry
factor Y = 0.94 (which is between Y = 0.713, that holds for half-penny shaped cracks,
and Y = 1.12, that holds for straight-fronted edge cracks in a semi-infinite solid
[14]), Eq. (3.16) gives the failure stresses of o = 76.1 MPa for specimen 21NU,
and of = 58.1 MPa for specimen 24AU. These two values are very close to the

experimental ones.

\Mir}MiSt
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Wallner lines

(a) (b) ©

Fig. 3.12 Fractography of sample 21NU, of = 78.7 MPa: (a) location of the likely origin of
failure; (b) mirror, mist and hackle zones, Wallner lines; (¢) critical flaw

The critical flaws shown in Fig. 3.14 refer again to two un-coated specimens,
namely 2NU and 2AU, which have a similar probability of failure, placed on the left
tail of the Weibull diagram (see Fig. 3.7). In this case, the two defects have a similar
depth, equal to about 100 um, although a different shape: the specimen 2NU has a
pit, whereas the specimen 2AU has a scratch.

The pictures shown in Fig. 3.15 allow to compare the critical flaw of an aged
un-coated specimen, 25AU, with that of an aged coated specimen, 3AC. The two
samples have critical flaws with the same shape —half-penny shape— and depth equal
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Fig. 3.13 Fractography of sample 24AU, oy = 56.5 MPa: (a) location of the likely origin of
failure; (b) mirror and mist zones, Wallner lines; (c) critical flaw

(a) (b)
Fig. 3.14 Critical flaw: (a) sample 2NU, of = 35.3 MPa; (b) sample 2AU, or = 31.2 MPa

to about 50 um. Both failed under a bending stress of about 62 MPa. The critical flaw
of specimen 25AU is the smallest we found for the set of aged un-coated specimens,
whereas that of specimen 3AC is one of the largest within the set of aged coated
specimens (see Fig. 3.9). Since un-coated and coated samples belonged to the same
set of aged glass panes, and there was no reason for having larger defects in un-coated
samples, we can infer that the original critical flaw in specimen 25AU was smaller
than that in specimen 3AC and it grew during the test because of stress corrosion
up to the size shown in Fig. 3.15a. Moreover, since defects with the same shape
and size gave the same failure stress in un-coated and coated conditions, we may
suppose that the coating does not exert any mechanical strengthening. However, such
a conclusion cannot be drawn based on only two specimens. A final statement on
this aspect would require further investigations, which include also the comparison

of the bending stiffness of un-coated and coated specimens.
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(b)
Fig. 3.15 Critical flaw: (a) sample 25AU, o = 62.1 MPa; (b) sample 3AC, of = 62.6 MPa

Furthermore, Figs. 3.12c and 3.15a, that refer to uncoated and low stress rate
tested glass specimens, both show the semi-elliptical line which is left by the slow
crack growth [79-81].

Finally, Fig. 3.16 shows the critical flaw of a new un-coated specimen, 12NU,
and that of a new coated specimen, 10NC. The failure stress of such samples is close
to the mean strength (P = 50%) of the corresponding set of specimens. The size of
the two defects is very different, thus confirming the effectiveness of the coating in

inhibiting stress corrosion.
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Fig. 3.16 Critical flaw: (a) sample 12NU,or = 64.1 MPa; (b) sample 10NC, o = 110 MPa
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3.4 Conclusions

A UV-curable polymeric coating has been tested as a barrier layer to prevent glass
stress corrosion. Its performance has been assessed by comparing the failure stress
of un-coated and coated specimens, tested with the coaxial double ring setup. The
results reported in Section 3.3.2 prove that the proposed formulation is highly
effective for both new and naturally aged glass. The increase of the bending strength
corresponding to a probability of failure of 0.8% is equal to 92% for new glass and
62% for aged glass. Besides the very good performance against stress corrosion, the
developed coating has some advantages compared to other strengthening techniques
and coatings: it is solvent free, it has a very fast curing time, it is low-energy
consuming, and it can be easily included in the continuous production systems of

flat glass as well as it is available for in-situ applications.

While the effectiveness of the coating in preventing stress corrosion within few
days after its application on the glass substrate has been proven, its durability will
be discussed in Chapter 4. In this context, three scenarios will be investigated: (7)
artificial weathering carried out by exposing coated specimens to fluorescent UV
lamps, heat and water, following standardized cycles such as those proposed by
[82]; (ii) natural weathering carried out by exposing coated specimens to atmosphere
agents; (ii/) mechanical ageing by subjecting coated samples to cyclic loads in
order to stress repeatedly the coating and evaluate the appearance of possible micro-

cracking in the coating that can reduce the water vapour barrier effect.



Chapter 4

Durability analysis of the coating’

4.1 Introduction

A functional polymeric coating prepared with an UV-curable resin, a fluorinated
methacrylate co-monomer, and a co-reactive silane primer has been developed.
According to the study reported in Chapter 3, the application of the coating leads
to an increase of the bending strength corresponding to a probability of failure of
0.8% equal to 92% for new glass and 62% for aged glass. Besides the very good
performance against stress corrosion, the developed coating has some advantages
compared to other strengthening techniques and coatings: it is solvent free, it has a
very fast curing time, it is low-energy consuming, and it can be easily included in
the continuous production systems of flat glass as well as it is available for in-situ
applications. Therefore, it could find applications in the production of new structural
elements that will be subjected to significantly high long-term loads and in the

strengthening of existing elements.

While the effectiveness of the coating in preventing stress corrosion within few
days after its application on the glass substrate was proven in Chapter 3, the analysis
of its durability is the main objective of the present Chapter. In this context, three
scenarios were analysed to consider most of the possible sources of ageing a glass

structural element might be subjected to: (i) cyclic loading, obtained by subjecting

IPart of the work described has been previously published in:
G. Mariggio, S. Dalle Vacche, R. Bongiovanni, C. Louter, M. Corrado. A durable coating to prevent
stress corrosion effects on the surface strength of annealed glass. Glass Struct. Eng. 6, 449-462
(2021).
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coated samples to cyclic loads in order to stress repeatedly the coating and evaluate
the appearance of micro-cracking that can reduce the water vapour barrier effect; (ii)
natural weathering, performed by exposing coated samples to atmospheric agents;
(iii) artificial weathering, carried out by exposing coated specimens to fluorescent
UV lamps, heat and water.

4.2 Experimental programme

The experimental programme consisted in the preparation of a set of coated glass
specimens for each type of ageing. The ageing of the specimens and their mechanical
testing aim to assess the durability of the coating through the evaluation of its residual
effectiveness in preventing stress corrosion. The materials and the procedures for

ageing and testing are explained in the present section.

4.2.1 Materials

The details of the formulation of the coating were discussed in Chapter 2. The
formulation was developed to give the coating compositionally graded properties,
assuring a good barrier to water vapor, hydrophobicity, transparency, and adhesion
to the substrate in a single layer, as required for preventing stress corrosion of glass.
The physical-mechanical properties of the coating are summarised in Table 4.1. In
particular, Table 3.1 lists the water vapor transmission rate, WVTRjs, the water

contact angle, 6,,,.r, and the adhesion strength, 7, of the coating.

Table 4.1 Summary properties of the coating

WVTR5 Owater Adhesion strength
(g/m?/24h) (°) 7 (MPa)

87.1+15.8 103.2+1.6 249428

Square soda-lime silica plates were employed for preparing the specimens. In
particular, the glass samples examined in this Chapter, as well as the glass designated

as "New" in Chapter 3, are all from the same batch.
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4.2.2 Preparation of test specimens

The procedure for preparing the specimens is described in Section 3.1 and summa-

rized below:

1. Silanization in aqueous solution of the glass specimens;
2. Coating mixing and application with a steel spiral bar;

3. Curing of the coating using a 5000-EC UV flood lamp system.

A transparent solid film with a thickness of around 50 um was obtained after irra-
diation. The coating was applied to the air side of the flat glass specimens, with
a self-adhesive film applied to the tin side to keep the fragments together after the

specimens were fractured.

4.2.3 Cyclic loading

A set of 22 coated square glass samples having edge length / = 120 mm and nominal
thickness 7 = 4 mm were subjected to cyclic equi-biaxial bending loadings by means
of the coaxial double ring setup. This setup, as shown in Fig. 3.3, consists of two
steel rings of different diameters: the largest one supports the specimens, while the
smallest one is used to apply a force normal to the upper surface of the sample, thus
resulting in a bi-axial bending stress state in the square sample. The diameters of the
support and load rings, Ds and Dy, respectively, have been defined as a function of
the dimensions of the specimens, in accordance to the ASTM C1499-19 standard
[68]. In detail, they were Ds = 90 mm and Dy, = 40 mm for / = 120 mm and h = 4
mm.

Cyclic loading was defined by a saw-tooth wave with minimum load equal to
1031 N, maximum load equal to 1915 N and frequency of 3 Hz (see Fig. 4.1). The
force controlled cyclic loading was performed for 20,000 cycles. The cyclic load

parameters are summarised in Table 4.2.

The biaxial tensile stress, 01 (¢), occurring in the central portion of the specimens,

on the coating side, was calculated from the load, Q(¢), by means of the following
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Fig. 4.1 Schematic diagrams of the cyclic loadings.

Table 4.2 Cyclic loading parameters (load and stress amplitude are defined as AQ = Qpax —
Omin and AC = Oy4x — Opin, respectively)

Frequency Mean Load Mean Stress Number
load amplitude stress amplitude of cycles
0 AQ 5 Ac
(Hz) N) (N) (MPa)  (MPa) )
3 1473 884 50 30 20,000

equation, provided by ASTM C1499-19 [68]:

3 D3 -D} D
o1 (1) = 2%;2) (1=v)= 5= L+(1+v)lnD—i (4.1)

where: Q(7) is the time varying load, 4 is the nominal thickness of the specimen,
Ds and Dy, are the diameters of the support and load rings, respectively, v = 0.22
is the Poisson’s ratio of glass, and D is the diameter of the glass specimen which is

obtained by Eq. (3.2).

The fatigue load parameters were chosen to maximise the stretching of the
coating without reaching the fracture of the specimen by fatigue or even by simple
static loadings. The mean value of 0}(¢) and the stress amplitude are computed by
applying Eq. (4.1), and reported in Table 4.2. A large value of the mean stress and a

low stress amplitude have been chosen to maintain a high level of tensile stress on
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the coating side during the entire cyclic load testing, a condition needed to activate
the stress corrosion. Furthermore, in order to reproduce an environmental condition
as harsh as possible, the support ring and the specimen were immersed in water for
the entire duration of the test (see Fig. 3.3b). The pH of the water was monitored
using full range pH strips (1-14) to verify that the solution was neutral. The cyclic
loading tests were conducted at room temperature.

4.2.4 Natural weathering

A set of 15 coated square glass samples having / = 120 mm and # = 4 mm were
exposed to atmospheric agents for 510 days (17 months), from February 4th 2019,
to June 30th 2020, to assess the durability of the coating against natural weathering.
The samples were mounted on a frame placed horizontally on the roof of a building
of Politecnico di Torino, Corso Duca degli Abruzzi, 24, Torino (Lat: 45.0628, Long:
7.6621, Alt: 254 m. a.s.l) (see Fig. 4.2). The actual peak to peak variations in
temperature and maximum irradiance (SRmax) were between 38.8°C (summer) and
—1.5°C (winter) and between 1256 W/m? (summer) and 33 W/m? (winter), respec-
tively. Throughout the monitored period, the average relative humidity amounted to
63.46 %, while the precipitation peaked at 92.66 mm. The daily variations of the
weathering conditions to which the specimens were exposed are reported in Fig. 4.3.
The number of days of exposure per season and the average weathering parameters
are summarised in Table 4.3.

Fig. 4.2 Set of 15 coated glass specimens exposed to atmospheric agents.

The data about the environmental conditions were taken from the Meteorological
Station of Atmospheric Physics at the Department of Physics of the University of
Turin, Via Pietro Giuria, 1, Torino (Lat: 45.0521, Long: 7.6814). At the end of
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Table 4.3 Natural weathering parameters: average relative humidity (ARH), average maxi-
mum temperature (ATmax), average maximum irradiance (Almax).

Days Season ARH ATmax Almax
of exposure (%) °C W/m?

0-41 winter 52.27 15.63 582.85
42 -134 spring  57.63 21.38 887.57
135-227 summer 63.22 29.55 866.26
228 -317 autumn 79.73 1498 379.52
318 - 407 winter 61.76 13.08 456.21
408 - 500 spring  60.90 21.41 873.65
501 -510 summer 584  30.13 987.7

the weathering period, all the specimens were removed from the roof, analysed and

tested with the coaxial double ring setup.

4.2.5 Artificial weathering

A set of 19 coated square glass samples having [ =75 mm and # = 3 mm were
artificially weathered to establish the long-term effects of light, heat and moisture on
the mechanical, chemical and physical properties of the coating. Weathering was
carried out using a UV accelerated weathering equipment made available by the
Cromology Italia S.p.A laboratories (Porcari, Italy). Due to the lacking of a specific
standard, the weathering was done following the procedure provided by [82], which
is the reference Standard for testing the durability of paints and varnishes exposed to
outdoor environmental conditions. This Standard was chosen in place of those for
structural silicones and sealants (see ETAG 002-5.1.4.2.1 [83] and EN ISO 11431
[84]), because the surface of contact for coatings, that strongly influences chemical
reactions, is comparable to that for paints, and it is commonly wider than that for
adhesives and sealants. However, the Standards for paints and those for sealants

specify quite similar weathering conditions.

Weathering cycles lasted 8 h each, and consisted of two exposure periods: (i) 4 h
of UV radiation and drying at 60 °C and (i) 4 h of UV radiation and condensation at
50 °C. The irradiance of the UV lamp was 0.83 W/m?/nm, at 340 nm. Condensing
humidity is considered the best way to simulate outdoor moisture attack because
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Fig. 4.3 Natural weathering conditions: (a) maximum, average and minimum daily tempera-
tures; (b) daily precipitation heights; (c) maximum solar irradiance (SRmax) and daily solar
irradiation (SRtot) ; (d) average daily relative humidity.

most of this moisture is the result of dew. The artificial weathering conditions are
summarised in Table 4.4 for convenience.

The weathering cycles were conducted for 7 weeks (1176 h), which is twice as
long as EN ISO 11431 [84] specifies for sealants. The samples were then removed
from the ageing machine, analysed and tested with the coaxial double ring setup.
In order to track the evolution of the ageing, a specimen was taken every week of

exposure to artificial weathering and analysed through visual inspection.
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Table 4.4 Artificial weathering conditions per cycle

step Exposure period Irradiance Temperature Relative humidity
1 4 h dry 0,83 W/m?2/nm 60+3 °C Not controlled
at 340 nm
2 4hcondensation 0,83 W/m2/nm 5043 °C Not controlled
at 340 nm

4.2.6 Characterisation methods

After the ageing processes, the coated surface of all the glass samples was visually
inspected to identify and localise defects in the coating. Then, different analyses

were carried out depending on the ageing process.

Static contact angle measurements were carried out to assess the surface prop-
erties of the coated glass samples, before and after the natural weathering. The
results have been compared to those of un-coated glass. A Kriiss DSA100 instrument
(KRUSS GmbH, Hamburg, Germany) was used, equipped with video camera and
image analysis software, with the sessile drop technique. Water was used as testing
liquid, and the drops were of 10ul. Five measurements were taken on un-coated glass
specimens, seven on freshly coated glass specimens and ten on naturally weathered
coated glass specimens which had been washed with water and soap and rinsed with
distilled water after exposure. It is to be noted that the label "freshly coated glass
specimens” identifies the samples tested within few days after the application of the

coating.

The transparency of the naturally weathered coated glass samples was also
assessed, by means of a JENWAY 6850 UV/Vis (Cole-Parmer, Stone, UK) UV-
visible spectrophotometer.

FTIR-ATR spectroscopy was used to track the evolution of the coating ageing for
the artificially weathered coated samples. At that purpose, this analysis was carried
out to specimens exposed for 1, 2, 3, ... up to 7 weeks of ageing. A specimen has
been taken out from the weathering machine each week and stored in dark and dry
conditions up to the end of the seventh week, when the FTIR-ATR spectroscopy was
applied to all the specimens. For this reason, only the 13 specimens, out of the initial
19 ones, that reached the seventh week of ageing were mechanically tested to assess
the performance of the aged coating.
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After the aforementioned non-destructive investigations, mechanical tests were
carried out on all the coated glass samples to evaluate the residual effectiveness of
the aged coating in protecting the glass surface from stress corrosion. The coaxial
double ring set-up was used (see Fig. 3.3) in accordance to the ASTM C1499-19
standard [68]. The dimension of support and load rings for specimens having edge
size [ = 120 mm and thickness 4 = 4 mm, were Ds = 90 mm and Dy, = 40 mm
as already explained in Section 4.2.3, whereas Dg and Dy, for specimens having
[ =75 mm and & = 3 mm were 60 mm and 30 mm, respectively. During the loading
tests, the specimens and the support ring were placed into a tank filled with water
to create a harsh environment with a steady humidity level. The mechanical tests
were carried out by means of a servo-hydraulic MTS universal testing machine with
a load cell capacity of 10 kN. A constant displacement rate was applied to induce
in the specimens a stress rate equal to 0.15 MPa/s, until failure. A low loading rate
was chosen instead of a constant load to have certain and reasonably limited testing
times and to facilitate a quantitative comparison between un-coated and coated glass
samples. In case the stress corrosion is completely prevented by the coating, in fact,
the coated glass samples would never break under a constant load. The value of 0.15
MPa/s, which caused fracture of the samples within 6—14 min, was chosen based on
evidences that such a rate is low enough to reveal the effects of stress corrosion as
shown in Chapter 3 and in ref. [49]. The bending strength, of, was calculated from
the fracture load, Qf, by means of Eq. (4.1) and the results were compared to those
of freshly coated and un-coated glass samples, reported in Chapter 3. Examples
of the crack pattern typically obtained with the coaxial double ring test are shown
in Fig. 4.4 for two extreme values of bending strength: the higher is the bending
strength, the smaller is the average fragments size. It is worth noticing that the test is

valid only if the origin of fracture is located inside the footprint of the loading ring.

4.2.7 Statistical analysis of strength data

The randomly distributed micro-cracks on the glass surface and their randomly
distributed geometry and depth cause a very strong scattering of the glass bending
strength. Therefore, a statistical inference of the strength data was performed in

accordance to the Section 3.2.2.
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(a) (b)

Fig. 4.4 Crack patterns obtained from: (a) an un-coated specimen, which exhibited a bending
strength of 35 MPa, and (b) a coated specimen, which developed a bending strength of 110
MPa

4.3 Results and discussion

In the present section, the results of the tests carried out to evaluate the effects of
ageing on the performance of the coating against stress corrosion are presented and
discussed. The performance of the aged specimens has been assessed against the
performance of un-coated specimens and freshly coated specimens, i.e. samples
tested within few days after the application of the coating, whose results can be
found in Chapter 3.

After the ageing processes, all the specimens were cleaned and inspected by
naked-eye to localize defects in the coating. The surface damage was visually exam-
ined with the specimen placed on a table under regular ceiling-lighting conditions.
No evident imperfections were detected on the coated surfaces of cyclically aged
and naturally weathered samples, whereas artificially weathered specimens exposed
for six and seven weeks exhibited cracking and delamination of the coating (see
Fig. 4.5).

4.3.1 Experimental results

The experimental bending strength values of, that were assessed using the coaxial
double ring set-up, are listed in ascending order in Table 4.5 for the following types
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Fig. 4.5 Qualitative assessment, by visual inspection, of coating deterioration after seven
weeks of exposure to artificial weathering

of glass samples: (i) cyclic loaded coated (CLC); (ii) naturally weathered coated
(NWCO); (iii) artificially weathered coated (AWC); (iv) 75 mm wide uncoated glass
(ucms).

4.3.2 Effects of cyclic loading

The bending strength of each cyclic loaded coated specimen was evaluated by
means of the coaxial double ring test directly after the cyclic loading procedure, to
avoid possible crack healing effects. The Weibull diagram obtained from the set of
specimens is shown in Fig. 4.6, where it is compared to the Weibull diagrams of the
bending strength of un-coated and freshly coated samples.

A first qualitative analysis of the experimental data points suggests that the
coating has a high durability against cyclic loading since the distribution of the
probability of failure of cyclic loaded coated specimens is very close to that of
freshly coated specimens. Straight lines, which represent the linearised Weibull
distribution function, fit well the experimental data sets, indicating that the Weibull
distribution can be used to interpret them correctly. The curve that best fits the data
points of cyclic loaded coated specimens (purple triangular markers) is characterised
by ﬁ =4.34 and O = 109.99 MPa, that of un-coated specimens (red square markers)
is defined by ﬁ’ = 5.16 and = 68.25 MPa, while that of freshly coated specimens
(green circular markers) by ﬁ = 5.60 and 6 = 121.80 MPa. The effectiveness of the
coating can be quantified by the scale parameter 6, which represents the strength
associated to a probability of failure of 63.2%.
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Table 4.5 Strength data or in MPa by glass type

Specimen CLC NWC AWC UC75
Of (MPa) Of (MPa) Of (MPa) Of (MPa)

1 60.44 35.65 22.63 30.08
2 71.95 56.71 51.38 33.28
3 73.52 63.84 55.64 3541
4 80.41 74.03 67.89 37.0
5 84.21 79.46 74.27 38.60
6 91.0 84.79 78.53 40.7
7 94.91 84.89 82.26 41.26
8 98.47 85.57 84.39 49.25
9 98.51 92.97 92.38 55.64
10 99.63 105.60 99.30 59.90
11 101.70 111.89 108.88 62.60
12 102.21 122.92 114.74 70.0
13 104.82 123.26 132.84 73.20
14 109.17 130.05 - 74.30
15 130.77 132.77 - 74.27
16 132.87 - - 79.60
17 140.58 - - 98.23
18 - - - 104.10

Furthermore, the comparison between the Weibull shape parameters, B, allows to
derive very interesting insights on the behaviour of cyclic loaded coated specimens.
As expected, the parameter B’, which represents the slope of the linearised Weibull
diagram and thus describes the strength scatter as well as the dispersion of the size of
the critical surface defects, is almost the same for freshly coated and un-coated glass
samples, whereas it differs for cyclic loaded samples. In particular, the data points of
cyclic loaded coated and freshly coated samples are almost paired for a probability
of failure P > 70%, whereas they diverge for low values of F. It is opinion of the
authors that the variation of ﬁ is not sign of a deterioration of the coating. On the
contrary, it is a proof of a very good performance of the coating during the ageing
process. Let us assume that the coating is able to completely prevent stress corrosion
(static fatigue) during the ageing process. In that case, the specimen is subjected only
to dynamic fatigue, which can be described by a classical Paris-Erdogan’s law [85].
However, as it is well known, the sub-critical propagation of cracks by fatigue occurs

only when the stress intensity factor at the crack tip overcomes a threshold, which is
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Fig. 4.6 Weibull distribution functions for the bending strength of un-coated (UC), freshly
coated (FC) and cyclic loaded coated (CLC) glass samples

a material property. Since the mean stress and the stress amplitude were the same
for all the specimens, only the largest critical surface flaws propagated by fatigue,
whereas the smallest ones were not sufficiently stressed. Consequently, the scatter of
the size of the critical defects increased, leading to a decrease of the parameter B In
that regard, it has to be remarked that five specimens broke during the cyclic loading,
after a number of cycles in the range 4,000 to 15,000, probably due to the fact that
the critical flaws were large enough to propagate by dynamic fatigue up to reaching
the condition of unstable crack propagation.

In the absence of coating, or in the case of a fast deterioration of the coating,
the specimen would be subjected to both static and dynamic fatigue. In such a
circumstance, the effect of stress corrosion (static fatigue) prevails by far on the
effect of dynamic fatigue, especially for small defects. This is consistent with the
results of Lii [86], who indicated that the cyclic fatigue life of soda-lime glass
is solely dependent on the cumulative time for static fatigue, and Schneider and
Hilcken [87], who found that the existing models for static fatigue used in linear
elastic fracture mechanics can be adopted for the lifetime prediction of cyclically
loaded annealed glass. The crack propagation per cycle can be described by the
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Evans’ law [88]:
da

— = AgAK]| 4.2
aN -~ eaks (4.2)
where g and the crack velocity parameters A and n depend on the loading conditions,
the material, the temperature and the environment, A is the period of the cyclic

loading, and K7 is the average stress intensity factor per cycle:

Ky =0Y\/7a 4.3)

being G the average stress, Y a geometry and loading factor, and a the crack depth.
Therefore, the crack propagation rate strongly depends on the initial crack depth,
since it varies directly as a2 the deeper the initial surface defect, the faster the

crack propagation rate.

An example is herein provided to highlight the fact that most of the cyclic loaded
glass samples would have fractured during cyclic loading had they not been covered
by the developed coating. The cyclic loaded coated and freshly coated samples
were prepared with glass plates coming from the same batch and, therefore, we
can reasonably assume that they had the same initial surface defects density and
size. Now, assuming that freshly coated glass samples were not affected by stress
corrosion, the size of the critical surface defect, i.e., the one that lead to fracture, can
be obtained by the relationship between fracture stress and crack size derived from

linear elastic fracture mechanics:

2
Aer = 1 (E) 4.4)

T \Yor

where the value of the fracture toughness Kjc, ranging from 0.72 to 0.82 MPa m!/2

for soda-lime glass, is set for this example to 0.75 MPa m!/2

, and the geometry and
loading factor Y is equal to 1.12 for straight front plane edge cracks in a semi-infinite
solid [14]. The bending strength of the freshly coated glass referred to a probability
of failure Pr < 63.2% is o7 < éFC = 121.80 MPa and, therefore, by Eq. (4.4) it can be
inferred that the 63.2% of the statistical population of the critical surface defects has
an initial depth a.r > 9.62 um. For constant environmental conditions, the parameter

A in Eq. (4.2) may be expressed as [10]:

Vo

A=
Kic

4.5)



62 Durability analysis of the coating

where vo = 30 mm/s and n = 16 are representative of glass permanently immersed
in water [26]. Evans and Fuller [88] showed that, for a saw-tooth stress wave, g

parameter in Eq. (4.2) may be approximated as:

<n—1>&]

gN( 2" )exp[ 4 K
€

n+1 xp {Q]

being AK] the stress intensity factor amplitude per cycle. Setting the initial depth of

(4.6)

the critical surface flaw ac; = 9.62 um and the period A = 1/3 s, the implementation
of Eq. (4.2) in a numerical algorithm shows that a glass sample would fail within 13
cycles, as shown in Fig. 4.7, if subjected to cyclic loading conditions as described in
Section 4.2.3 and summarised in Table 4.2. This example illustrates that much more
than five samples would have fractured within 20,000 cycles had stress corrosion

occurred on the covered glass specimens.
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Fig. 4.7 Trend of the stress intensity factor K under cyclic loading in the presence of both
static and dynamic fatigue: initial depth of the critical surface flaw a,, = 9.62 um, mean
stress ¢ = 50 MPa, stress amplitude Ac = 30 MPa

Certainly, Eq. (4.2) can be applied only when the stress intensity factor overcome
the threshold for sub-critical crack growth, Kj ¢, which can be assumed equal to

0.25 MPa m!/? as per [26]. The dimension of the initial surface flaw for which
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sub-propagation does not occur can be calculated through Eq. (4.4), by substituting
Kic with Kj ¢, and of with the mean stress of the cyclic loading 6 = 50 MPa. It is
obtained ay, = 6.34 um for the present example. Therefore, in case the coating had
not been applied, only the glass samples having a.; < ay, = 6.34um would have
survived to the cyclic loading.

In conclusion, besides being durable to cyclic loading, the coating can be used to
derive the pure dynamic fatigue behaviour of glass.

4.3.3 Effect of natural weathering

Visible spectra analysis was performed on the naturally weathered coated samples
in order to evaluate the transparency, one of the most peculiar and appreciated
property of glass, also in structural applications. The percentage of transmittance of
wavelengths in the range of visible light is shown in Fig. 4.8, where it is compared to
those of un-coated glass and freshly coated glass. The transmittance is higher than
60% in the visible range for all the glass samples, which means that the transparency
of glass, equal to about 90% in absence of coating, is sensibly reduced, but still
remains above the value of the minimum acceptable glazing transmittance that,
according to a study carried out by [89], falls within the range 25% to 38%.

) — FC
O] == = NWC
880_ w eIy
(o] "" \.\.
£ ~.
€ 701
m70
c —‘-,—-—_-
o - 3
— -

P 4
60 ~

400 500 600 700 800
Wavelength (nm)

Fig. 4.8 Visible spectra of un-coated (UC), freshly coated (FC) and naturally weathered
coated (NWC) glass samples
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The wettability of the coated surface of the glass samples was estimated through
water static contact angle measurements. As the contact angle of the droplets with the
surface rises, the hydrophobicity increases [90]. The average water contact angles for
un-coated glass, freshly coated glass and naturally weathered coated glass specimens
are reported in Table 4.6. While the glass is quite wettable by water and shows a
contact angle of 23.9° after a simplified cleaning protocol is applied on the tested
surface, the freshly coated glass exhibits a contact angle of 103.2°: largely exceeding
90°, the value indicates that the surface is quite hydrophobic as expected by a gradient
coating where the fluorine component is preferentially concentrated at the surface.
After 510 days of natural weathering, the coating wettability increases and the
contact angle value is found as low as 60°. This value is similar to that measured on
a coating made of the pure resin without the addition of the fluorinated comonomer
[58], thus it means that the surface composition has changed due to outdoor exposure.
This is in agreement with recent studies assessing the rearrangements of polymers
in dependence of the environment. When coatings containing a low amount of a
fluorinated component are prepared and maintained in dry air, the fluorinated chains
segregate at the coating surface, and assure hydrophobicity. When the coating is
in contact with a polar solvent such as water, the fluorinated moieties can easily
rearrange and cause an increase of wettability [91].

Table 4.6 Water static contact angles

Glass samples Owater (°)
un-coated glass 239+1.8
freshly coated glass 103.2£1.6

naturally weathered coated glass  60.0£8.5

The Weibull diagrams for un-coated, freshly coated and naturally weathered
coated glass specimens are shown in Fig. 4.9. The data points of naturally weathered
coated specimens (light blue triangles) are well fitted by a Weibull distribution
function having 3 =3.63 and 6 = 102.54 MPa. Although the 6 value for naturally
weathered coated samples is greater than that for un-coated samples and very close to
that for freshly coated samples, the decrease of the B value has a quite negative effect,
especially on the evaluation of the design bending strength, i.e. a characteristic value
having a probability of failure lower than 5%. Our conjecture is that the decrease
of ﬁ is again due to a variation of the critical defect size distribution, rather than

a consequence of a reduced performance of the coating. In the latter case, in fact,
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the Weibull curve should undergo a simple translation with respect to the reference
ones, without any change in slope. Although the coating applied on the naturally
weathered coated samples was not visibly damaged after weathering, hail and other
contaminants impacts may have resulted in new and larger flaws on the surface of
the glass samples [92, 93]. As a result, the dispersion of the defect population in
naturally weathered coated glass increased, leading to a decrease in the 3 value.

A more consistent comparison should have been done with naturally weathered
un-coated glass specimens, subjected to the same weathering conditions. Unfortu-
nately, such a set of specimens was not included in the present study. However, for
the sake of clarity, an hypothetical Weibull distribution for the bending strength of
naturally weathered un-coated glass specimens is shown in Fig. 4.9 (dashed blue
line). Given that naturally weathered un-coated and coated samples should have sim-
ilar surface defect density and size, the two distributions have the same 3 value. The
parameter 0 for the hypothetical distribution was determined by assuming that the
naturally weathered un-coated and coated probability distributions are spaced apart
as well as the un-coated and freshly coated distributions are. Under this hypothesis,
the beneficial effect of the coating, also for low values of probability of failure, is
evident.

4.3.4 Effect of artificial weathering

Figure 4.10 shows the ATR-FTIR spectra collected on the coating surface at different
weathering time. All along the weathering process, there is a steady increase of the
3700-3100 cm™! band (region A) and of the shoulder at 1640 cm~! (region C): the
signals are related to the vibrations of -OH groups and may indicate water adsorption
onto the coating [94]. The broadening of the C=0 peak in the 1850-1650 cm™!
region (region B) may be associated to oxidation phenomena, i.e. degradation of the
coating in the presence of air under light. Interesting information can be gathered
observing the doublet band at 1634 cm™! and 1618 cm™! (peaks D and E) and the
band at 810 cm ™! (peak F) present for freshly coated glass and disappearing after one
week of exposure. These signals are due to the double bond of the methacrylate group
characterising the oligomer used for the preparation of the coating and subjected to
curing through the double bonds’ reaction. Therefore, the coating is not completely
crosslinked at the end of the curing process (presence of the above-mentioned bands);
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Fig. 4.9 Weibull distribution functions for the bending strength of un-coated (UC), freshly
coated (FC), and naturally weathered coated (NWC) glass samples

while, after the first two ageing weeks, when these peaks disappear, the conversion
is complete [58, 95].

As explained in Section 4.2.5, the specimens used to analyse the effects of
artificial weathering had edge length / = 75 mm and thickness 4 = 3 mm, instead
of 120 mm and 4 mm, respectively. A comparison with the probability of failure
of specimens having / = 120 mm and # = 4 mm would have not been coherent
and, therefore, a set of 18 un-coated specimens with size 75 mm was tested with
the coaxial double ring setup. The Weibull diagrams for the bending strength
of un-coated specimens having size of 75 mm and artificially weathered coated
glass specimens are shown in Fig. 4.11. In order to highlight the aforementioned
inconsistency between specimens of different size, the Weibull distribution function
of un-coated specimens having / = 120 mm is also shown in Fig. 4.11 (red dashed

line).

The parameters of the Weibull distribution functions that best fit the data points
are: [§ =3.0and § = 91.9 MPa for artificially weathered coated specimens (gray
triangles), [§ =2.8and 6 = 67.5 MPa for artificially weathered un-coated specimens
(orange square). As shown in Fig. 4.11 the UCT7S5 series rather follows a truncated
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Fig. 4.10 FTIR-ATR spectra taken on the surface of freshly coated glass and coated glass
that had been artificially weathered for 1, 2, 3, 4, 6, and 7 weeks.

Weibull function [78, 96], whereas the AWC series more likely follows a regular two
parameter Weibull function. The increase of bending strength is evident, although
it was quite unexpected after the initial visual inspection of the specimens, which
revealed an almost complete detachment of the coating after seven weeks of exposure
to artificial weathering (see Fig. 4.5). A plausible explanation is that the silane
coupling agents used to improve the adhesion of the coating on the substrate reached
the tips of the surface defects, increasing the hydrophobicity of the glass in the spots
where the stress corrosion reaction can occur. The property of the silane to alter the
wettability of glass by inducing the surface hydrophobicity has already been proven
by several studies [58, 97, 98].

The statistical data of all the sets of specimens analysed in this study are reported
in Tab. 4.7. They include, for each series of tests, the number of specimens that
fractured in an acceptable way, the Weibull shape parameter [§, the Weibull scale
parameter 6 and the coefficient of variation CV.

Table 4.7 Statistical data of the experimental results

Id. Edge Type of No. of Weibull Weibull
code size samples valid  param. param. CV
(mm) samples f3 6 (MPa) (%)
UC 120 un-coated 23 5.2 68.3 24.2
FC 120  freshly coated 17 5.6 121.8 17.7
CAC 120 cyclically aged coated 17 4.3 110.0  22.1
NWC 120 naturally weathered coated 15 3.6 102.5  31.0
UcC75 75 un-coated 18 2.8 67.5 38.1

AWC 75 artificially weathered coated 13 3.0 91.9 35.6




68 Durability analysis of the coating

991
90 1
70 1
501
301
20 1
101

0.8 1

Probability of failure, P (%)

10 20 30 4050 70 100 150
Failure Stress, of (MPa)

Fig. 4.11 Weibull distribution functions for the bending strength of artificially weathered
coated glass samples (AWC) and un-coated glass samples (UC75) with edge size / =75 mm

4.4 Conclusions

The durability of an UV-cured polymeric coating optimized to prevent glass stress
corrosion has been examined. Concerning the cyclic loading, the coating resulted to
be insensitive to repetitive loads, being its performance in preventing stress corrosion
remained almost intact. However, the coating cannot hinder the dynamic fatigue
taking place in case a sufficiently high level of stress is achieved at the tip of the
surface flaws, as it was in the cyclic tests carried out in this study. The sub-critical
growth of the critical surface flaws by fatigue has been evidenced by a reduction of
the 3 parameter of the Weibull distribution for the bending strength, which, therefore,

is not related to a reduced performance of the coating.

The natural weathering had its main effect on the optical properties of the coating,
in the sense that it caused a reduction of the transparency, although it remained on
acceptable values. On the other hand, the effectiveness of the coating in preventing
stress corrosion was almost fully preserved. Also in this case, the reduction of the 3
parameter of the Weibull distribution for the bending strength has to be associated
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to a variation in the distribution of the critical defect size due to the impact of hail

stones and other particles.

Finally, the effect of the artificial weathering on the durability of the coating is
more pronounced. There was no evidence of damage in the coating until five weeks of
exposure, whereas it was almost completely detached after seven weeks of exposure.
It has to be remarked that the conditions applied for the artificial weathering were
very severe in terms of temperature, humidity and UV-light. Nevertheless, a not-
negligible residual capacity to prevent stress corrosion was observed. A possible
explanation is that the silane used to pre-treat the surface of the glass reached the
tips of the surface defects, increasing the hydrophobicity of the glass in the spots

where the stress corrosion reaction might occur.

In conclusion, even though only the application on the air side has been investi-
gated so far and slight modifications in the formulation of the coating can be brought
to further improve its durability, the current formulation has already shown a very
good performance, which makes it very promising for future practical applications.
Further studies will be carried out to assess the resistance of the coating to abrasions
and scratches, to better evaluate its optical band gap, and to analyse its performance

when applied on the cut edges of glass plates.



Chapter 5

A probabilistic FEM approach for
structural integrity assessment of
glass components

5.1 Introduction

The fracture stress of glass varies widely between 20 and 200 MPa [30], depending
on a variety of factors such as the load history [99], the surface condition (new or
weathered glass) [100], the element’s size [101], the environmental conditions [102],
the point of the origin of failure (on the edge or on the surface), the type of edge
processing [103, 104]. Griffith flaws cause the brittle failure in glass [23], their
random distribution results in a large scatter in fracture strength and location. Flaws
and scratches occur during the manufacturing process, as well as during handling,
assembly, everyday use and maintenance [24]. As a result, not only across plates
from various production batches, but even within the same batch, flaw characteristics
and failure stress magnitudes vary dramatically. The glass flaws typically range from
20 um to 200 um [105]. However, accidental impacts or vandalism might result in

more serious damage and much deeper flaws in glass components.

Despite the strong scattering of the glass strength, several design methods for
structural glass components have been proposed. They can be divided into two
groups for simplicity: the method adopted in the European design standards and that
used in the North American design standards.
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The European standards EN16612:2019 [4] and CEN/TS 19100-1:2021 [31]
are based on the deterministic design approach, for which the structural integrity is
assessed by comparing the maximum bending stress, 0.y, With a design value of
bending strength f,.;:

Omax < fgu (3.1

According to EN16612:2019 [4], for annealed glass of any composition, the design
value of bending strength is:

kekmodkspfg;k

f; =
8 YA

(5.2)
where f,., = 45MPa is the characteristic value of the bending strength for annealed
glass (5% fractile) ; Y. 1s the material partial factor that ranges from 1.6 to 1.8;
ke, ksp and ko4 are the strength reduction factors. k. and k;, take into account the
edge and surface finishing, while k,,,, the load duration. An experimental campaign,
involving 741 panes of 6 mm float glass, was conducted according to EN 1288-
2 [71] to provide the characteristic glass strength f,.; [4]. The 741 failure stress
measurements oy were treated statistically, and the f,.x value was derived using
the two-parameters Weibull distribution for a probability of failure P; = 5%, as
shown in Fig. 5.1. The sampling distribution is clearly non-linear, indicating that it
does not fit a Weibull distribution well. As a result, the confidence intervals of the
Weibull parameters are rather broad, and the prediction of extremely low risk levels

is uncertain [4].

The deterministic approach is widely used mostly because of its outstanding
simplicity, but it has some drawbacks. The first weakness is that it relies on the glass
strength parameter which is not a true material property, as it depends on the flaws
size distribution, the fracture toughness, the test setup, as well as the specimen size
and geometry [34]. Secondly, when using a deterministic approach, large safety
factors need to be introduced for a safe design. However, it is worth noticing that
a high safety factor does not necessarily imply a low level of risk, as its influence
might be offset by the presence of greater uncertainties in the design environment
[106]. In addition, the stress-based design approach assumes that the point of origin
of failure coincides with the point of maximum stress, condition that rarely happens
in glass [27]. Because of the large scatter in fracture strength and failure origin, a

probabilistic approach should be adopted for the design and structural optimization of
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Fig. 5.1 Cumulative Weibull distribution of the failure stress. Adapted from EN16612:2019
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glass components. Recently, the semi-probabilistic (level I) method for the design of
glass components has been enhanced in reliability by some studies. As for example,
the findings by Ballarini ef al. [96] have contributed to reduce with confidence
the partial safety factors for the structural design of glass by using a generalized
distribution of the Weibull type. However, the obtained results are restricted to be
used when the maximum tensile stress acts far from the edges. In addition, the
findings by Lamela et al. [107] showed that the Weibull distribution functions of
the glass strength are quite similar under different types of testing. In particular,
for annealed glass the shape parameter of the Weibull distribution function takes
approximate values to 4.

The American National Standard ‘Standard Practice for Determining Load Resis-
tance of Glass in Buildings’ ASTM E1300-16 [5] adopts the glass failure prediction
model proposed by Beason and Morgan [108, 109] for the prediction of the load-
carrying capacity of glass components. ASTM E1300-16 only applies to vertical and
sloped glazing of rectangular shape exposed to a uniform lateral load, such as wind
load, snow load and self-weight with a total combined magnitude less than or equal
to 10 kPa. The standard shall not apply to other applications including, balustrades,
glass floor panels, aquariums, structural glass members and glass shelves. Unlike in
the European design methods, the structural integrity assessment is based on loads
rather than stresses. In fact, the structural integrity in ASTM E1300-16 is evaluated
by comparing the uniform lateral load g with the load resistance LR which is the
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load associated with a breakage probability less than or equal to 0.8%:
g <LR=NFL-GTF (5.3)

being NFL the non-factored load and GTF the glass type factor. While the GT F
factors are listed in tables in which the glass type and the load duration are considered,
the NFL values can be obtained by the charts reported in ASTM E1300-16. For

a sake of clarity, one of the non-factored load charts is presented in Fig. 5.2. The
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Fig. 5.2 Non-factored load chart. Adapted from [5]

NFL parameter is obtained for a load duration of 3 s and depends on the support
conditions, as well as the plate size and thickness. The NF L charts were developed
using the glass failure prediction model of Beason and Morgan [108, 109], who used

the Weibull statistics [110] to represent the probability of failure P for glass:
r=1-¢" (5.4)

According to Beason and Morgan [109], B reflects the risk of failure, and depends
on the magnitude and duration of the surface tensile stresses in the plate, the surface
area of the plate exposed to tensile stress, and the geometries and orientations of the
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surface flaws. For general cases, B is written as follows:

B = IVC/A [Eoeq,max(%xay)}mdA (5.5)

where Oeqmax(¢,%,y) is the maximum equivalent principal stress as a function of
the lateral load ¢ and the coordinates (x,y) of the point on the glass surface; ¢ is the
‘biaxial stress correction factors’ which is a function of the minimum to maximum
principal stress ratio; A is the surface area of the plate; k and 7 are the so called
‘surface flaw parameters’ which reflect the character of glass plate surface flaws. The
non-factor load NFL can be obtained by Eq. (5.4) once the probability of failure,
the support and load conditions, the plate size and thickness, and the surface flaw
parameters k and 7 have been defined. In ASTM E1300-16 it was assumed that
m is equal to 7 and k is equal to 2.86 x 10753 N~7m!2. These flaw parameters
represent the surface strength of weathered window glass that has undergone in-
service conditions for approximately 20 years [5]. The narrow range of application
of the standard is due to the fact that the parameters /7 and k have been obtained,
and therefore considered reliable, only for the case of vertical or sloped glazing in
buildings. To summarize, in ASTM E1300-16 the load-carrying capacity of glass
plates is evaluated taking into account the actual surface flaw condition and the
effect of the plate’s size, however, the acceptable probability of failure cannot be set,
and the field of application is restricted to vertical and sloped glazing in buildings

subjected to uniform lateral load.

Because of the narrow range of application of ASTM E1300 and the weaknesses
of the deterministic approach, new models, more flexible and suitable to be applied
for several load and support conditions, should be developed. These models should
account for a variety of glass surface scenarios, so that severe surface cracking or
specific surface conditions detected by quality control procedures may be included.
A reliable and less conservative design method would reduce costs and emissions
involved in manufacturing glass components. However, the models should be robust,
intuitive and easy to use, with few parameters which had a clear physical meaning.
Additionally, they should be based on the real physical mechanism determining the
strength of glass, i.e. the micro-cracks distribution, which is independent of both
the test configuration and the element size. For this reason, this distribution should
be provided after the manufacturing process, and its evolution should be predicted

and monitored during the storage, assembly, and service stages of glass. However,
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additional efforts are needed in order to detect and measure the crack size along
the edges and on the surface of glass components. Recently, some methods for the
crack and scratch detection have been developed, such as those based on thermal

stress-induced light scattering techniques [21] and deep learning techniques [22].

In addition, special attention should be paid to the edge flaw condition, since it is
one of the main parameters influencing the strength of glass [111], with particular re-
gard to in-plane loaded structural elements, such as glass beams and facade mullions.
The edge strength is also relevant in the structural integrity assessment of secondary
construction elements, such as windows, that may be subjected to significant tensile
stress along the edges as result of thermal actions [112], and bolted connections

which are subjected to stress amplifications along the hole’s edge.

A new numerical methodology to assess the edge strength of annealed glass is
proposed and tested in Chapters 5, 6 and 7. The method can be used on any flat
glass component under in-plane static loads, and it adopts the stress intensity factor
-based fracture criterion for the prediction of the failure load. This method assumes
that edge cracks are Pareto distributed, and relies on the extended finite element
method (XFEM) for the explicit introduction of cracks in computational models and
calculation of the stress intensity factors at the tip of each crack. In addition, Monte
Carlo simulation is used to obtain the probability density function of the failure load.
The model takes into account the size effect on the glass strength and the interaction
among cracks for the evaluation of the stress intensity factors, whereas it does not

consider the stress corrosion effect.

5.2 State of the art

Glass is a brittle material that fails when the critical value of the stress intensity
factor is achieved at the tip of any flaw. The achievement of the failure condition is
determined by a complex interplay between the flaw-size distribution and internal
stress distribution, such that the critical crack, i.e. the one having the maximum
value of the stress intensity factor, is not always placed in the point exhibiting the
maximum tensile stress. For a crack subjected to Mode I, the fracture criterion is
expressed as follows:

K1 =Kic (5.6)
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where K7 is the Stress Intensity Factor (SIF) and Kic denotes the value of the critical
stress intensity factor, also known as fracture toughness [113]. Unlike the bending
strength f,.x, Kic 1s a material property, and its value for soda-lime glass is estimated
to be around 0.75 MPa m'/2 [114].

Let us consider a deformable body with a crack of size a, and subjected to a
remote uniform stress state oy, applied normally to the plane of the crack, as shown
in Fig. 5.3. The relationship between the fracture toughness Kjc, the failure stress
oy, and the crack size a is derived from the linear elastic fracture mechanics:

Kic = Y(Tyy7f\/ ta (57)

where Y is a positive dimensionless geometrical factor depending on the the aspect
ratios of the structural element wherein the crack is placed, the location of the crack
(inner or edge cracks), and the flaw shape. For instance, Y approaches 1.12 for
isolated straight-fronted edge cracks, remotely applied tensile stress (i.e. H/W > 2),
and very small crack length (i.e. a/W < 0.03), as results from the handbook by Tada
etal. [115].
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Fig. 5.3 Edge crack under Mode I loading

Yankelevsky [29] developed a numerical method to predict the surface strength
of rectangular glass plates under bending for an arbitrary acceptable probability of
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failure. To fully exploit the bending strength of the glass plate, Yankelevsky [29]
included a flaws population on the plate’s surface, from which the failure stress
distribution could be derived. According to the method, the surface of the glass plate
is divided into 1 cm? unit cells, and a crack is placed in each cell. The crack size a is
chosen randomly from a truncated exponential probability distribution. Following,
the failure stress oy, ¢ on the plate side under tension is calculated according to
Eq. (5.7) for each crack. As a result, the surface strength of a single plate is
represented by the minimum failure stress. A Monte Carlo simulation should be
run on a large sample of thousands of virtual specimens to acquire the probability
distribution of both the point of origin of failure and the surface strength of annealed

glass for arbitrary stress states.

Kinsella and Persson [20, 30] extended the method developed by Yankelevsky
[29] to consider multiple flaw populations, arbitrary crack plane orientations and
a mixed mode fracture criterion. Due to the results presented in literature works
[116-118], Kinsella and Persson [20] adopted for their model the Pareto distribution
to describe the statistical population of the depth of surface cracks. The same
assumption has been done in the present study.

5.3 The FEM approach

As previously mentioned, the objective of this study is to provide a tool which is
able to predict the edge strength of any annealed flat glass component, with arbitrary
in-plane static load and support conditions. As the glass strength is highly sensitive
to the presence of cracks, the approach is based on the critical stress intensity factor
fracture criterion (Eq. (5.6)) and on probabilistic considerations. The procedure

consists of the following four steps:

Modelling the structural element through the finite element method (FEM);

* Randomly applying to the FE model a population of edge flaws, which is

extracted from a pre-defined statistical distribution function;
* Computing the related stress-intensity factors;

* Evaluating the load carrying capacity by equating the maximum stress-intensity
factor to the fracture toughness.
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Fig. 5.4 Pareto distribution: (a) cumulative distribution function (CDF); (b) probability
density function (PDF)

Because of the stochastic nature of the problem, where the size of the edge
flaws is the random variable, the Monte Carlo method must be used to obtain the
distribution function of the failure load. Finally, the critical load referred to a chosen

probability of failure can be derived.

5.4 Edge cracks and critical edge cracks distributions

The population of the size a of edge cracks can be realistically represented by a
single Pareto distribution (Fig. 5.4a - CDF, Fig. 5.4b - PDF), that is described as
[119]:

Fla)=1-— (“—O)C (5.8)

a
with ag < a < o0, gy > 0 and ¢ > 0. c is the shape parameter, whilst ag is the scale

parameter, which represents the smallest edge crack size.

Let us consider a glass plate subjected to uniaxial tensile loading, with just an
edge crack of size a and no sub-critical crack growth (for example, see Fig. 5.3).
The survival probability of the plate is expressed as the probability that the size a is

smaller than the critical crack depth a.:

Pla<a.)=F(a:)=1— <a—°>c (5.9)
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Supposing that the glass plate has a random number i of isolated cracks, because a,
is constant for uniaxial tensile loading, the survival probability of the plate is the

product of the survival probabilities of all cracks:

Pla<ap) = {1 _ (“_Oﬂi (5.10)

Considering that the real number of cracks x in glass plates follows a Poisson

distribution with mean m [26]:

(5.11)

the survival probability of a random glass plate is now obtained by multiplying the
probability F(x) from Eq. (5.11) by the survival probability from Eq. (5.10):

Pla<a.) = i e_:ml {1 - (@) ] (5.12)
i=0 :

For all possible numbers of cracks the survival probability is:

P(a<ac):§)§{m {1_ (ZQH} (5.13)

Introducing the definition of the exponential function as an infinite series:

Sy gl 5.14
e ;0 76 (5.14)
the survival probability of a glass plate with average number of cracks equal to m
becomes:

Pla<a;)=F(a;)=e "%%" (5.15)

Finally, by substituting:
A = mag (5.16a)
o=c (5.16b)

in Eq. (5.15) yields the Fréchet cumulative distribution function of the critical edge

crack size:

-

F(a;) = e % (5.17)
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In the same way, Haldimann et al. [10] showed that the strength of glass under
uniaxial tensile loading oy follows the Weibull distribution (Eq. (5.18)) if the cracks

population is represented by a single Pareto distribution:

F(oy) =1 —exp {— (%f)ﬁ} (5.18a)
0 Kic B =2c (5.18b)

mby \/ﬁ\/%7
The Weibull parameters 6 and f3, for instance can be obtained by uniaxial tensile
tests using small scale glass specimens. Once the parameters 6 and 8 have been
evaluated and the size of the smallest flaw ag has been assumed, the parameters m
and c can be estimated by means of Eq. (5.18b). Finally, the average number of
defects m and the size of the glass specimens can be used to calculate the density
of the glass defects. The average number of cracks m and the shape parameter ¢
are true material parameters unlike 6 and 8 which depend on the test setup and the
element size.

5.5 Crack modelling and stress intensity factor evalu-
ation with XFEM

The extended finite element method (XFEM) was proposed by Belytschko et al.
[40, 41] for modelling cracks and crack growth in the FE framework, with no re-
meshing. Karihaloo and Xiao [42] used the XFEM approach to determine the stress
intensity factors at the crack tips directly without extra post-processing from the FEM
formulation. The XFEM approach allows to introduce crack in FE models without
using a mesh conforming with the crack as is the case with the traditional FEM. By
using XFEM, as a first step, a standard FE mesh is realized for the problem without
taking into account the crack. Following, cracks are introduced independently of the
mesh by enriching the standard displacement approximation with both discontinuous
displacement fields along the crack faces [120] and the asymptotic displacement
fields at nodes surrounding the crack tips [121]. For clarity, illustrative sketches of a
conforming FEM mesh and a nonconforming XFEM mesh for modelling cracks are
presented in Fig. 5.5.
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Fig. 5.5 Illustrative sketches of (a) a conforming FEM mesh and (b) a nonconforming XFEM
mesh for modelling cracks in the FE framework. The represented circular nodes are enriched
with the discontinuous displacement fields, while the triangular nodes are enriched with the
asymptotic displacement fields. Adapted from [6]

Let us consider a deformable body with volume € and external boundary I" as
shown in Fig. 5.6, in which I'y, I, I'. stand for the traction, displacement and crack
boundaries, respectively. The virtual work equation can be written as [122]:

/5e ocdQ = /5udeQ+ Su'tdl’ (5.19)

where o is the stress tensor, b is the body force vector, t is the external traction

vector, 0 € and Su are the virtual strain tensor and displacement field, respectively.

Fig. 5.6 An edge-cracked body under prescribed boundary tractions and displacements



A probabilistic FEM approach for structural integrity assessment of glass
82 components

For the discretized cracked body, the displacement field u far from the crack can

be approximated by the interpolation of the displacements at each node:

XY ;
A I AL (5.20)
V(X Y ) il Voi
while, close to the crack tip and along the crack face, the standard local displacement

approximation can be enriched with the asymptotic crack tip displacement fields

[121], which are discontinuous along the crack face, as shown in Fig. 5.7:

(tip k)
u(X,y) Uuo; u;

=) N; + Nj< /. (5.21)

{V(X, Y) } g} l {VOi je%‘m ! v&”p )
where [ is the set of all nodes in the element, (u;, vo;) are the standard degrees of
freedom at node 7, N; and N; are the finite element shape functions associated with
node i or j. Ji is the set of nodes that are enriched around the crack tip k and along

(tipk) _ (tipk)

the crack face. (u iV ) are the asymptotic displacement fields at node j for

the crack tip k.

A general form of the displacement expansions (truncated to the 1? term) near
the fracture tip, excluding the rigid body modes, can be described as follows for a

mixed mode crack in a homogeneous, isotropic material [121]:

uﬁ-”"’k) fir fiz KI( tipk)
lripk) (= (tipk) (5:22)
v 21 2| | K

1L}
where Kj; and Kjj; are the Mode I and Mode II stress intensity factors at node j,

while f11, f12, f21 and f>; are the angular functions whose explicit expressions with
respect to the polar coordinate system (p, @) centered at the crack tip (see Fig. 5.6)
are listed below:

fl11 (x—1)cosd — Leos (—3¢)

12| _ p' ) (k+3)sing — Jsin (—39) (5.23)
21 2uv2m ) (x+1)sing + Lsin (—39) '
f22 —(K—%)cos%—%cos (—§¢)

being u and v the shear modulus and Poisson’s ratio of the material, and k = (3 —4v)

for plane strain or k = (3 —Vv)/(1+ v) for plane stress. The asymptotic displacement
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fields (u\"P%), v('Pk)) are discontinuous on the crack surface I'.. For the sake of
example, the displacement v(/7 k) along the y direction is plotted near the crack tip in
Fig. 5.7.

|
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Fig. 5.7 Asymptotic crack tip displacement field v(’?%) close to the crack tip k centered at
the origin of the coordinate system x, y

Inserting Eq. (5.22) into Eq. (5.21) yields:

u(X,Y) uo; fir fi2
= =) N; N;
’ {V(X’Y)} ; {Vol} +jeJkaI ! [fm 2

Using the definition of strain:

K(tipk)
1i
{K(;ipk)} —Na (5.24)

10

€ = & = 0 8/8Y

Ex 8/8X 0 {
Yy 2/9y a/ax|

= =
< >

’?} =SNa =Ba (5.25)

)

and that of stress:
o =De (5.26)

and substituting Egs. (5.24), (5.25), (5.26) into Eq. (5.19) yield a system of linear
equations:

/ BTDBdQa — / N'bdQ+ [ NTtdr (5.27)
Q Q I
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where the B matrix contains the derivatives of the shape functions N; for the finite

elements whose nodes are not enriched:

Nix O
B'=| 0 Ny (5.28)
Niy Nix

whereas, for the finite elements whose nodes are in the interval Ji, B is composed by
the standard part B* and the enriched one BX, that is defined as:

(Nifi1) x (Nif12) x
Bf = (Nifar) y (Nif22) y (5.29)
(Nifir)y +(Nifa1) x  (Nifi2) y + (Nif22) x

Eq. (5.27) can be written as:
a=Kf (5.30)

being a the vector of the standard and enriched nodal degrees of freedom, K the
stiffness matrix, and f the external force vector. As a consequence, both KI(;.”) k) and
KI(ItJ’.p “) are calculated directly without extra post-processing for each node j within

the interval J; by solving the system of Eq. (5.30).

O Standard nodes

B Enriched nodes - Kj and Kj; unconstrained
A Enriched nodes - K; and Kj; constrained
— Edge crack

Fig. 5.8 Edge crack on a uniform mesh. The squared and triangular nodes are enriched by
the crack tip functions
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The extended finite element method has been implemented within the X3D
FORTRAN finite element code by Benvenuti et al. [123, 124]. In addition, X3D code
has recently been extended by the author to manage multi-cracks and to perform
Monte Carlo simulations. In the developed code, the enriched nodes within the
interval J; are defined by means of an enrichment radius r from the crack interface
as shown in Fig. 5.8. Furthermore, Liu ef al. [121] showed that by enriching several
layers of nodes around the crack tip, the XFEM solution improves. As a result,
more than one layer of nodes surrounding each crack tip is enriched in this study,
as shown in Fig. 5.8. As in Reference [121], in order to guarantee the convergence
of the numerical solution, a penalty method is employed in X3D code such that
constrains are enforced on the enriched degrees of freedom. In particular, for each
J — th enriched node located in the circular region centred at the k — th crack tip with
radius rg (see Fig. 5.8), the system of linear equations (Eq. (5.30)) is forced to return
the same value of the stress intensity factor. As a consequence, for each crack tip, a
single value of K1 and K7y is provided. ry should be quite small, including solely the
nodes closest to the crack tips where the asymptotic fields are expected to dominate

the solution.

The procedure has been implemented for 4-node quadrilateral elements. In
order to ensure that the stiffness matrix (left-hand side of Eq. (5.27)) is adequately
integrated, standard second order Gauss-Legendre quadrature is used in the elements
not containing any enriched node, while high order Gauss quadratures (8 x 8 or
20 x 20 Gauss points) are used over the finite elements whose nodes are enriched.
In fact, since the displacement field over the enriched elements (Eq. (5.24)) is
approximated with angular functions (Eq. (5.23)), the stiffness matrix terms are not
polynomial. As a result, for any quadrature order, the Gauss-Legendre quadrature
will never return the exact value of the integral. The approximation error can be

reduced by increasing the number of Gauss points, but it cannot be eliminated.

5.6 Monte Carlo simulation

In order to build the curves of the cumulative distribution function and density func-
tion of the failure load of a glass element, Monte Carlo simulation is performed. For
thousands of virtual specimens, which are identical in their geometry and boundary

conditions, the failure load is calculated.
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The length of the cracks varies within a specimen and among specimens, the
locations of the cracks, on the other hand, are established at the start of the simulations
and stay fixed in the XFEM model. The stress intensity factor Kl(tip “is computed for
each crack tip k in each simulation, and the failure load is recorded when Kj reaches
the fracture toughness value Kjc for one of the edge cracks. The failure load is
determined for a total of 5,000 virtual specimens in this study, because Yankelevsky
[29] showed that the choice of 5,000 specimens assures a reliable convergence and

repeatable results; while, a smaller sample may yield different results.

The edge crack lengths can be computed by Eq. (5.8), once the parameters ag
and ¢ and the value of the probability 0 < F(a) < 1 have been set. A random number
generator is employed to provide values for F(a) and to obtain random edge crack
lengths which are Pareto distributed. In particular, RANDOM_NUMBER(x) is the
FORTRAN function which has been used in X3D code. RANDOM_NUMBER
returns a single pseudorandom number from the uniform distribution over the range
0<x<l.

5.7 Conclusions

A new numerical methodology has been proposed for the structural integrity assess-
ment of glass components. The approach is based on the critical stress intensity factor
fracture criterion and on probabilistic considerations. In particular, according to the
developed approach, the Griffith flaws, whose size is extracted from a pre-defined
statistical distribution, are included within the FE mesh, and the stress intensity factor
is then calculated for each flaw by means of the extended finite element method. As a
consequence, the load carrying capacity can be evaluated by equating the maximum
stress-intensity factor to the fracture toughness. Because of the stochastic nature of
the problem, where the size of the flaws is the random variable, the Monte Carlo
method is used to obtain the probability density function of the failure load. Finally,

the critical load referred to a chosen probability of failure can be derived.

The XFEM formulation was adopted because it allows for a direct evaluation
of the stress intensity factors without any post-processing. In addition, unlike the
standard FEM, it enables the modelling of an arbitrary number of cracks in any
position without the need for local mesh refinement, since the cracks are introduced
mathematically, rather than physically, by enriching the standard approximation of



5.7 Conclusions 87

the displacement field. Because a coarse mesh can be adopted along the crack path
and at the crack tip, the computational costs are drastically reduced by using XFEM.
This is particularly useful when a large number of time-consuming FEM simulations

have to be conducted to obtain the statistical distribution of the failure load.

The accuracy of the developed XFEM-based methodology will be assessed using
a number of examples in Chapter 6, taking into account the effect of the mesh size,
the enrichment radius, the inclination of the cracks, the number of Gauss Points,
the stress concentration, and the cracks interaction on the evaluation of the stress
intensity factors. In Chapter 7, examples of structural integrity assessment using
the provided approach will be presented. The differences between the stress-based
design approach and the proposed probabilistic one will also be highlighted, by
solving case studies with different boundary and loading conditions.



Chapter 6

Accuracy and reliability of the
developed XFEM-based methodology

6.1 Introduction

In this Chapter, several examples are solved to evaluate the accuracy and reliability
of the method in assessing the Ky and Kjy values at the crack tips. Different scenarios
are investigated. Section 6.2 deals with a single edge notched tension specimen with
an angled-crack, aiming to study the influence of the crack inclination angle and the
number of Gauss points on the evaluation of Ky and Kjj. In Section 6.3 the accuracy
of the XFEM technique in predicting stress intensity factors for micro-cracks using a
coarse mesh is assessed. In particular, K7 values are calculated for different crack
lengths in order to identify the minimum crack length with respect to the mesh
size and enrichment radius. Section 6.4 focuses on the effectiveness of the method
in evaluating the stress intensity factor of cracks located near stress concentration
regions. Finally, in Section 6.5 the reliability of the method in the case of interactive

multiple edge cracks is illustrated.
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6.2 Single edge notched tension specimen with an

angled-crack

The problem under consideration is a single edge notched tension specimen as shown
in Fig. 6.1. The specimen length is L = 20 units, the width is W = 10 units, the
thickness is th = 1 unit, a is the crack length and @ is the crack inclination angle,
® = 0° denotes pure mode-I cracking. The material is assumed to be linear elastic
isotropic, and the problem is idealized as 2D plane stress. The Young’s modulus is
chosen as E = 1 unit, while the Poisson ratio as v = 0.3. The bottom edge is fixed in
the vertical direction and to prevent rigid body motion, the bottom left node is fixed
in the horizontal direction. A uniform stress ¢ = 1 unit is applied at the top edge of
the specimen. 2D quadrilateral elements are used to mesh the solid model, with an
edge size set to 0.125 units.
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Fig. 6.1 Sketch of the cracked plate under tension
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O Standard nodes

B Enriched nodes - Kj and Kjj unconstrained
A Enriched nodes - Kj and Kjj constrained
— Edge crack

Fig. 6.2 Enriched nodes around the crack. The squared and triangular nodes are enriched
by the crack tip functions, at the triangular nodes the stress intensity factor is forced to stay
constant

The stress intensity factor is calculated at the crack tip for different crack lengths
and for @ = 0° and w = 45°. The numerical integration over the enriched finite
elements is performed using both 8 x 8 and 20 x 20 Gauss points (GP) in the case
of m = 45°, whereas for @ = 0°, only the 8 x 8 Gauss quadrature rule is adopted.
The enriched elements are those whose four nodes are less than or equal to r = 0.55
units from the crack path, as shown in Fig. 6.2. However, the stress intensity factor
values, returned by the X3D code, are those related to the enriched nodes within the
radius of ry = 0.27 units from the crack tip, i.e. the triangular nodes in Fig. 6.2. At

the triangular nodes the variables K and Ky are constrained to remain constant.

The resulting K} values for @ = 0° are reported in Tab. 6.1, together with those
obtained numerically using finite element analysis by Albinmousa et al. [125]. While,
Tabs. 6.2 and 6.3 list respectively the K1 and Ky; values for @ = 45°, both calculated
with the X3D code and according to Albinmousa ef al. [125]. In the tables, the error

is computed as:
K1 x3D — K1 Reference

6.1)

Error =
KI,Reference
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The plots of the ratio between the calculated solutions and the reference solutions are
shown in Figs. 6.3 and 6.4. It can be seen that when @ = 0°, an excellent agreement
with the reference solution is maintained for the entire range considered for the
crack length a. On the contrary, for @ = 45° differences are observed between the
estimated and reference solutions, especially for small crack sizes (see Fig. 6.4).
However, the accuracy of the solution improves as the number of Gauss points

increases.

The enrichment functions reported in Eq. (5.23), associated with the presence of
cracks, bring a non polynomial characteristic to the integrands of the stiffness matrix
of the XFEM problem. Thus, the standard Gauss quadrature rule is no longer suitable
and therefore a number of quadrature techniques were developed to numerically
integrate the weak form over elements cut by crack surfaces [126, 127, 120, 128, 129].
However, the use of a high order quadrature (8 x 8 GP) results effective in the case
of @ = 0°. It is important to remark that what matters is the inclination of the crack
with respect to the mesh orientation instead of the inclination with respect to the
specimen geometry. When w = 0°, the crack is parallel to one of the side of the finite
element, while if @ = 45° the crack is inclined with regard to the sides of the finite
elements, resulting in the increase of the complexity of the mathematical expressions

of the integrands of the stiffness matrix, which are far from polynomial.

Table 6.1 Results for Ky of a horizontal edge crack (@ = 0°) in an isotropic elastic plate under
tension - 8 x 8 Gauss Points

a KI,X3D KI,Reference [125] Error (%)

025 094 0.97 -2.7
0.5 1.35 1.4 -3.8
1 2.04 2.10 -2.7
2 3.40 3.44 -1.1
4 7.61 7.46 +1.9
5 11.50 11.15 +3.2
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Table 6.2 Results for K} of an inclined edge crack (@ = 45°) in an isotropic elastic plate
under tension

8 x 8 Gauss Points 20 x 20 Gauss Points
a Kixsp Error (%) Kixsp Error (%)  KiRreference [125]

025 0.74 +22.2 0.68 +12.8 0.60
0.5 097 +11.9 0.96 +10.3 0.87
1 1.37 +7.4 1.36 +6.3 1.28
2 2.06 +3.7 2.02 +1.9 1.98
4 3.81 +5.6 3.79 +5.0 3.61
5 5.19 +9.4 5.12 +8.1 4.74

Table 6.3 Results for Ky of an inclined edge crack (@ = 45°) in an isotropic elastic plate
under tension

8 x 8 Gauss Points 20 x 20 Gauss Points
a Knxsp Error (%) Kuxsp Error (%) Ky reference [125]

025 0.15 -51.9 0.25 -19.5 0.31
0.5 0.36 -19.8 0.36 -17.6 0.44
1 0.58 -11.1 0.57 -11.7 0.65
2 0.95 -5.2 0.92 -7.9 0.99
4 1.72 -2.7 1.70 -3.4 1.76
5 222 -2.0 2.20 -2.7 2.26

00 - o o o o o o o e e» o> o> o o o)

I

,X3D/ KI, Reference
O O O R - Bk
[T}
[00]

0O 1 2 3 4 5
Crack length, a (mm)

Fig. 6.3 Ki x3p /K1 Reference Tatio for a horizontal edge crack (@ = 0°) in an isotropic elastic
plate under tension
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Fig. 6.4 Ratio between the estimated stress intensity factor and the reference one for an in-
clined edge crack (@ = 45°) in an isotropic elastic plate under tension: (a) Ki x3p /K Reference;

(b) KII,X3D/ KII,Reference

6.3 Stress intensity factor prediction for micro-cracks

with coarse mesh

In this Section, the accuracy of the XFEM technique in predicting stress intensity
factors for micro-cracks using a coarse mesh is assessed. The examples of three-point
bending and uniaxial tensile tests on single edge cracked specimen are analysed. The
two examples are calculated with a regular mesh of 4-node quadrilateral elements
with an edge size set to 0.25 mm. Young’s modulus is chosen as 70,000 MPa and

Poisson’s ratio is taken as 0.25.

6.3.1 Three-point bending specimen

In this example, the minimum crack length, that provides an accurate solution in
terms of Kj, is identified in relation to the mesh size [ and enrichment radius r. For
this purpose, a single edge notch three-point bending specimen is considered, whose
sketch is shown in Fig. 6.5.

In the numerical model, plane strain conditions are considered. The applied load
is P = 25N. The crack a is located at the mid-span of the beam, and its length varies
from 0.01 mm to 0.15 mm. In particular, five crack lengths are taken into account:
a=0.01, 0.02, 0.05, 0.125 and 0.15 mm. The crack mouths are placed in the middle



94 Accuracy and reliability of the developed XFEM-based methodology

P
ﬂ P=25N
L=30mm
H' H=7.5 mm
a
L

Fig. 6.5 Sketch of the three-point bending test

B Standard finite elements
B Enriched finite elements
e Enriched nodes

Mesh size Mesh size
[ =0.25 mm [ =0.25 mm

(a) (b)

Fig. 6.6 FE mesh and enriched finite elements: (a) a = 0.01 =-0.05 mm and » = 0.45 mm;
(b)a=0.125+-0.15mm and r =0.45 mm or a = 0.01 - 0.15 mm and r = 0.51 mm

of the finite element side (see Fig. 6.6). Since the mesh size is [ = 0.25 mm, the

crack length ranges between 4% and 60% of the mesh size.

To investigate the effect of the number of enriched nodes on the solution, two
different enrichment radius r are chosen: r = 0.45 mm and r = 0.51 mm. As a
consequence, three finite elements are enriched for r = 0.45 mm and a = 0.01 +-0.05
mm, as illustrated in Fig. 6.6a. Whereas in the case of r =0.45 and a = 0.125=+-0.15
mm or ¥ =0.51 and @ = 0.01 = 0.15 mm, four finite elements are enriched (see Fig.
6.6b). Because of the very small extension of the enriched region, the constraint
to obtain a constant value for Ky (and Kyy) is applied to all the enriched nodes. The
20 x 20 Gaussian quadrature rule is adopted for the numerical integration over the
enriched finite elements.
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The resulting values of K7 are listed in Tabs. 6.4 and 6.5 respectively for r = 0.45
mm and for » = 0.51 mm, together with the known solutions reported in the handbook

by Tada et al. [115]. In the tables, the error is computed as:

K1, x3D — K1 Handbook 6.2)

Error =
K1 Handbook

Table 6.4 Ky values for a single edge notched three-point bending specimen with r = 0.45
mm

a a/l nr. enrich. el. KI,X3D KI,Handbook [115] Error
(mm) () ) (MPamm'/?)  (MPamm'/?) (%)
0.15 0.6 4 14.24 14.97 -4.85
0.125 0.5 4 13.27 13.73 -3.32
0.05 0.2 3 8.40 8.81 -4.63
0.02 0.08 3 5.34 5.61 -4.73
0.01 0.04 3 4.40 3.97 +10.80

Table 6.5 K7 values for a single edge notched three-point bending specimen with r = 0.51
mm

a a/l nr. enrich. el. KI,X3D KI,Handbook [115] Error
(mm) () =) (MPamm'/?)  (MPamm'/?) (%)
0.15 06 4 14.24 14.97 -4.85
0.125 0.5 4 13.27 13.73 -3.32
0.05 02 4 8.57 8.81 271
0.02 0.08 4 5.67 5.61 +1.16
0.01 0.04 4 478 3.97 +20.35

Tables 6.4 and 6.5 show that in the range 0.08 < a/l < 0.6 the error in the
estimation of Kj is below 5%, whereas for a/l = 0.04 the error is about 11% with
r =0.45 mm and 20% with r = 0.51 mm. In this regard, for a = 0.01 mm a worst
solution is obtained with r = 0.51 mm, likely because the nodes 9 and 10, represented
in Fig. 6.6b, don not fall in a region where the solution is dominate by the asymptotic
field.
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6.3.2 Single edge notched tension specimen

Adopting the mesh size of the previous case, this example aims to evaluate the stress
intensity factors and compare them to reference solutions for a number of crack
lengths ranging from 20um to 100um, which are typical sizes for flaws in glass
[105]. A single edge notched specimen under tension is analysed, whose geometry,
load and boundary conditions are shown in Fig. 6.7. Plane strain conditions are
adopted. The specimen has height H = 30 mm and width W = 7.5. It is subjected to
a tensile stress 0 = 10 MPa at the bottom and the top edges.

o =10 MPa
HERE
3 ¢7r
H/2
a
AA j =
30 mm
W=7.5 mm
4 v
| 1 l 1 v
o =10 MPa

Fig. 6.7 Sketch of the uniaxial tensile test

As previously stated, the specimen includes a crack whose size a ranges from
0.02 mm to 0.1 mm as indicated in Tab. 6.6. The enrichment radius is chosen as
r = 0.45 mm. Because the mesh size is [ = 0.25 mm and the crack mouth is located

in the middle of the finite element side, only three finite elements are enriched for
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Fig. 6.8 FE mesh and enriched finite elements: (a) a = 0.02 +-0.065 mm, r = 0.45 mm; (b)
a=0.07=0.1 mm, r = 0.45 mm

a =0.02+0.065 mm, as illustrated in Fig. 6.8a. Whereas, for a = 0.07 +-0.1 mm,
four finite elements are enriched (see Fig. 6.8b). As in the previous case, given
the very small extension of the enriched region, the constraint to obtain a constant
value for K7 (and Ky) is applied to all the enriched nodes. Both 8 x 8 and 20 x 20
Gaussian quadrature rules are used for the numerical integration over the enriched
finite elements.

The Kj values obtained with the numerical simulations are listed in Tab. 6.6,

together with the reference solutions calculated as:

Ky = ov/maF (a/W) (6.3)

where F(a/W) is calculated for each single crack length a with accuracy better than
0.5% as according to the handbook by Tada et al. [115].

Table 6.6 shows on average that the 20 x 20 Gauss quadrature yields better results
than the 8 x 8 Gauss quadrature, confirming the findings of Section 6.2. In particular,
in the case of 20 x 20 GP, the error in the estimation of Kj is below 5% for any crack
length between 0.02 mm and 0.1 mm. For this reason, in the next following examples
the 20 x 20 Gauss quadrature will be adopted.
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Table 6.6 K} values for a single edge notched tension specimen

8 x 8 Gauss Points 20 x 20 Gauss Points Reference Solution

a K1 x3p Error K1 x3p Error K1 (Eq. (6.3))
(mm) (MPamm'/?) (%) (MPamm'/?) (%) (MPamm'/?)
0.02 2.93 +4.2 2.78 1.1 2.81
0.025 3.25 +3.4 3.10 1.4 3.14
0.03 3.62 +5.2 3.31 3.8 3.44
0.035 3.96 +6.5 3.64 2.1 3.72
0.04 4.19 +5.4 3.88 2.4 3.97
0.05 4.44 0.1 4.40 -1.0 4.44
0.06 4.87 +0.1 470 3.4 4.87
0.065 5.22 +3.1 5.03 -0.7 5.07
0.07 5.62 +6.9 5.32 +1.2 5.26
0.075 5.86 +7.7 5.36 15 5.44
0.08 6.0 +6.8 5.57 0.9 5.62
0.09 6.04 +1.4 5.95 0.2 5.96

0.1 6.20 1.3 6.26 0.3 6.28

6.4 Cracks located near stress concentration region

In the case of arbitrary geometries, load, and boundary conditions, when the solution
is not provided by the literature, the extended finite element method is very successful
in the evaluation of the stress intensity factor. As for example when cracks are
within stress concentration regions or interact with each other. The former case is

investigated in the present section.

Although Liu et al. [121] have already shown that the XFEM results are nearly
independent of the mesh density, in this example, we aim to prove that the mesh
size has almost no effect on the Kj solution, even when cracks are near stress
concentrations. On the other hand, it is well known that the reliability of the
allowable stress design approach depends on the accuracy of the FEM model, that
is highly dependent on the number of finite elements used to represent the physical
domain. Local effects like stress concentrations are not captured by a coarse mesh.
Furthermore, mesh refinement does not always result in convergence of the finite

element solution, as for example in the case of stress singularities.

In this example, the stress intensity factor is evaluated, by means of the X3D

code, in the case of an isotropic plate with a circular hole emanating a radial crack
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remotely subjected to uniaxial loading. The setup of the test implemented in the
finite element code is illustrated in Fig. 6.9. The mechanical properties of the virtual
specimen are: Young’s modulus E = 70,000 MPa and Poisson ratio v = 0.25.

c=10MPa

rrrrrrrrrre et

R=1mm

@Q H=30mm
a

W=30mm

JANRVANRNNAN

Fig. 6.9 Isotropic plate with a circular hole emanating a radial crack remotely subjected to
uniaxial loading

A plane strain FE model is considered with 4-node quadrilateral finite elements
for the discretization of the continuum. Three different mesh sizes / are chosen in
order to evaluate the effect of the mesh density on the results, as shown in Fig. 6.10.
The ratio between the crack length a and the mesh size [ is kept constant at 0.5. As
in the previous example, only the four finite elements closest to the crack tip are
enriched (see Fig. 6.10).

In Tab 6.7, the stress intensity factors Kj x3p obtained using the X3D code are
compared to the values estimated according to the handbook by Tada et al. [115]
in the case of infinite plate. In Table 6.7, the Error is calculated as in the previous
example (see Eq. (6.2)).

It can be observed that as the mesh size is reduced, the error decreases, however

it remains below 10% even if a coarser mesh is used. It is worth noting that the
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Il Standard finite elements
Il Enriched finite elements

@) (b)

(c)

Fig. 6.10 FE mesh and enriched finite elements of a plate with a hole emanating a crack: (a)
a=0.05mm, / ~ 0.Imm; (b) a = 0.075mm, [ ~ 0.15mm; (¢) a = 0.1mm, / ~ 0.2mm
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Table 6.7 Mode I stress intensity factors for a crack emanating from a hole.

a mesh size [ a/l o KI,X3D KI,Reference [115] Error
(mm)  (mm) (MPa) (MPamm'/?)  (MPamm!'/?) (%)
0.05 0.1 05 10 12.50 11.90 +5
0.075 0.15 05 10 14.60 13.83 +5.5

0.1 0.2 05 10 16.5 15.25 +8.2

reference solution is valid for an infinite plate, therefore an increase in the stress

intensity factor in the case of a plate with finite dimensions is reasonable.

The results of these tests show also the suitability of the method for investigating
the edge strength of architectural glass with cylindrically formed holes. By including
in the FE mesh the actual flaws distribution, the real failure load can be obtained using
the stress intensity factor-based failure criterion. The experimental and numerical
studies conducted by Sanders et al. [130] showed that the stress-based design
approach, adopted by the standard NEN 2608:2014 [131], overestimates the failure
load of bolted connections, therefore the proposed method could replace or support

experiments for a safer design.

6.5 Interaction among cracks

In this Section the example of three interactive parallel edge cracks in a plate
subjected to tensile load is analysed.

Auradou et al. [132] showed that the presence of neighboring cracks modifies
the stress field within the material and induces a shielding of the stress at the crack
tips, increasing the lifetime of the material. Due to shielding, the longest crack could
not lead to the failure of the sample. In addition, the shielding effect becomes more
pronounced when the crack lengths are of the order of the distance separating them.
According to Afferrante er al. [34], the Weibull parameters 6 and 8 of Eq. (5.18a)
would change depending on the distribution of cracks, their distances, and their
interaction with the geometry and stress field. The correct Weibull parameters can
only be obtained through numerical simulations in which the crack distribution is
directly included in the geometry.
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Fig. 6.11 Parallel cracks in a finite plate under uniaxial tensile load

Figure 6.11 shows the setup of the virtual specimen for this example. A tensile
stress 0 = 9.15 MPa is applied to a finite plate with three edge cracks, the plate
width is W = 7.5 mm, while its height is H = 30 mm. The length of the three
cracks is @ = 1.5 mm, and they are distant from each other » = 3 mm, i.e. twice
their length. As in the preceding cases, the mechanical properties are those of glass,
1.e., Young’s modulus E = 70,000 MPa and Poisson ratio v = 0.25. A regular mesh
of 4-node quadrilateral elements is employed with mesh size / = 0.25 mm; plane
strain conditions are assumed. The radius » = 0.50 mm determines which nodes
and, therefore, which finite elements, are enriched (see Fig. 6.12), while the radius
ro = 0.50 mm pivoted in the crack tip, establishes for which nodes the Kj and Ky

values are forced to be constant.

The Kj results for the central and outer cracks are listed in Tab. 6.8. The results

are compared to the numerical solution obtained by Jiang et al. [133].

Table 6.8 Stress intensity factors for parallel cracks in a finite plate

crack a (o3 KI,X3D KI,Reference [133] Error
(mm) (MPa) (MPam!/?)  (MPam'/?) (%)
outer 1.5 9.15 0.75 0.76 -1.60

central 1.5 9.15 0.63 0.65 -3.37
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Enriched finite elements -
K; and Kj; unconstrained

Enriched finite elements -
K; and Kj; constrained

Fig. 6.12 Enriched finite elements around three cracks in a finite plate under tensile load

As indicated in Tab. 6.8, the error in terms of Kj is less than 5%. Furthermore,
the stress intensity factor at the tip of the outer cracks coincides with the fracture
toughness for glass Kjc = 0.75 MPam'/2, therefore the chosen tensile stress ¢ =
9.15MPa corresponds to the failure stress. If the three cracks were isolated there
would be no difference between the three stress intensity factors, moreover their
values would be K; = 0.86MPam'/? for 6 = 9.15MPa. As a consequence, the

failure load for isolated cracks would be o = 8 MPa, which is 12.6% lower than that
of interactive cracks.
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6.6 Conclusions

In this chapter, several examples were solved in order to assess the accuracy of the
XFEM method for different scenarios. In particular, it has been proven that the
XFEM technique returns an accurate Ky value even when the mesh is coarse, unlike
the FEM approach which requires a denser mesh to yield a precise stress value in
correspondence with stress concentrations and singularities. The accuracy of the
method is also provided in the case of interaction among cracks, that produces a
shielding effect increasing the resistance of brittle materials. However, strategies
should be developed and implemented in the XFEM code to mitigate the effect of
the numerical integration of the stiffness matrix on the solutions K} and Kjy when
the crack is inclined. Based on the findings of the tests conducted, the optimal
parameters involved in XFEM analysis are given below for accurate results in the
case of micro-cracks. For a regular mesh of 4-node quadrilateral elements, the
maximum mesh size should be /h,x = 12.5a¢, being ag the minimum crack size
adopted. The optimal enrichment radius r should be in the range (22.5aq, 25.5a9).
As a result, at least the three or four finite elements nearest to the crack should be
enriched in the case of crack sizes a in the range (0.08/, 0.6/). The 20 x 20 Gauss
quadrature rule over the enriched finite elements provided the best solution. In
Chapter 7, the above parameters will be adopted to assess the structural integrity of

glass components.



Chapter 7

Case studies

7.1 Introduction

In the present Chapter several case studies are solved with the proposed probabilistic
FEM approach to demonstrate its accuracy and reliability in assessing the structural

integrity of glass components.

All examples reported below are calculated with a regular mesh of 4-node
quadrilateral elements. Plane stress conditions are assumed. Poisson’s ratio is taken
as 0.25, Young’s modulus is chosen as 70,000 MPa, and the glass fracture toughness
has been set to 0.75 MPam'/2. A 20 x 20 Gauss quadrature rule is adopted over
the enriched finite elements, while a standard 2 x 2 Gauss quadrature is used over

elements which do not contain any enriched node.

The influence of the stress gradient on the load-carrying capacity of glass com-
ponents is investigated using four different test configurations: a specimen under
uniaxial tensile load, a beam under three point bending, a simply supported beam
under uniformly distributed load, and a cantilever beam subjected to uniformly dis-
tributed load. In addition, a comparative study is carried out to show the differences

between the stress-based design approach and the proposed probabilistic one.
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7.2 Edge-cracked specimen under uniaxial tensile load

7.2.1 Specimen with 5 edge cracks

Consider an edge-cracked specimen, as shown in Fig. 7.1a, subjected to uniaxial
tensile stress, provided by a uniform distributed load, ¢, applied at the bottom and
top edges. The specimen has height H = 30 mm, width W = 7.5 mm and thickness
th =1 mm. At first, the specimen includes only five cracks, which are 5.8 mm apart.

The crack size a follows the Pareto distribution:

ao

Fla)=1— (—)C (7.1)

a

which is defined by the scale parameter ap = 0.020 mm, that represents the smallest
crack size, and the shape parameter ¢ = 3.0. The value of the parameter c is
chosen based on the findings of the study by Vandebroek et al. [112], where the
glass edge strength was investigated using a four-point bending configuration. The
tests, that involved almost 40 specimens with polished edge finishing, showed that
the experimental data could be interpolated by a Weibull distribution with shape
parameter B ~ 6. As a consequence, the Pareto parameter ¢ can be estimated using
Eq. (5.18b) as c = /2.

The continuum is discretized using a uniform mesh of 4-node quadrilateral
elements (see Fig. 7.1b). The edge size of the finite element is [ = 0.25 mm, while
the enriched finite elements are those located in the circumference centered at the tip
of each crack and with a radius r = 0.45 mm (see Fig. 7.2), as explained previously
in Section 6.3.2.

The failure load gr; of the virtual specimen in Fig. 7.1a is calculated for N =
5,000 different simulations. In each simulation the size of the cracks varies according
to the Pareto distribution. The failure load is obtained for each simulation by
equating the maximum value of Ky to Kjc. Because the crack size follows the Pareto
distribution, the statistical population of the failure load, g, of the glass specimen,

can be represented by a two parameter Weibull distribution function:

F(g) =1—exp [— (%)ﬁ] (7.2)
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k} =5.8mm
30mm

L] =

(a)
Fig. 7.1 Specimen under uniaxial tensile load: (a) geometry and loads; (b) FE discretization

B Standard finite elements
B Enriched finite elements

—
Mesh size
[ =0.25mm

Fig. 7.2 Criterion for the enrichment of nodes and finite elements

where 3 and 0 are the Weibull shape and scale parameters, which can be estimated
(7.3a)

with the moments method [134]:
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s R
0= R <1 ié) (7.3b)

. ~ ) : .
being fl; and §; the sample mean and variance:

N
'):1 qr.i
Qg = liN (7.4a)
N L \2
. 'Zl <Qf,i - .uqf)
A 1=
SQf - N—1 (74b)

Solving Eq. (7.3a), using any of a number of standard iterative root-findings pro-
cedures, and Eq. (7.3b), the parameters of the Weibull distribution function of the
failure load can be obtained: § = 64.90 N/mm and ﬁ =6.13.

The computed failure loads, gr;, are ranked in ascending order (i = 1 to N) to
build an ordered sample and, then, a probability of failure is assigned to each value

gr ;i of the ordered sample by means of probability estimators Gi:

G, = 0. (7.5)

Finally, the points (g, G,) build the sampling cumulative distribution function of
the failure load which is plotted into the Weibull diagram of Figs. 7.3a and 7.3b. The
Weibull density function is plotted in Fig. 7.3c, where it is compared to the histogram
whose bars represent the relative number of observations of the failure load, gs.
In Fig. 7.3c, the histogram has been normalized to reflect the probability density
function. A reasonable fit of the numerical results is obtained with the Weibull
distribution. However, it is crucial to note that this distribution is the outcome of the
analysis and was not assumed a-priori. As a result the histogram is not a smooth
function. It is worth noticing that while the numerical results plotted in Fig. 7.3b
follow a regular two parameter Weibull distribution function, the experimental results
in Fig. 5.1 could be more accurately interpolated by a bilinear and bimodal Weibull
distributions in accordance with the findings of Ballarini et al. [78]. While for the
numerical test the initial cracks were extracted from a single statistical population,
the experimental results in Fig. 5.1 reveal that the initial cracks were from different
statistical populations, which differ from each other in the crack shape or in the
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dispersion of the crack size, or in the two factors combined. In particular, the
experimental results indicate that the smallest cracks are more scattered than the
biggest ones, which causes the slope of the right tail of the sampling distribution of

the failure stress to be lower than the left one.
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Fig. 7.3 Weibull distribution of the failure load for the glass specimen with 5 cracks under
uniaxial tensile load: (a) Cumulative distribution function (CDF); (b) Linearised cumulative
distribution function; (c) Probability density function

The statistical distribution of the critical edge crack, which represents the point
of origin of failure, has been obtained by the numerical results. As evidently shown
in Fig. 7.4a and in Fig. 7.4b, the Fréchet distribution provided by Eq. (5.17) fits the
numerical data perfectly. The Fréchet distribution parameters A and ¢« are calculated

by means of the method of moments estimation [135]. The estimator for & can be
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obtained by solving the following non-linear equation:

r(1-2a") $2
1= (7.6)
r2i-a) fg,

The parameter 2 can be obtained by solving:

o
A nu'a.
re(1—a))
1.0 —— Fréchet distribution
0.8 30
>
0.6 =
L 0
ra Q 20
Qo4 A
10
0.2 ’
Numerical results
0.0 - Fréchet distribution o J
0.0 0.2 0.4 0.6 0.8 0.0 0.1 0.2 0.3
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(a) (b)

Fig. 7.4 Fréchet distribution of the critical edge crack size for the glass specimen with 5
cracks under uniaxial tensile load: (a) Cumulative distribution function (CDF); (b) Probability
density function

In addition, the statistical position of the point of origin of failure is plotted in
Fig. 7.5. As the virtual specimen is subjected to a uniaxial tensile load, each of
the five crack locations has the same probability of being the point of origin of the

failure.

In conclusion, the Weibull and Fréchet distributions derived from the numerical
results are compared to the theoretical ones. In particular, in Tab. 7.1, the estimated
Weibull parameters 6 and [3’ are compared to the theoretical ones 8 and 8 calculated
according to Eq. (5.18b) adopting ¥ = 1.12 and Kjc = 0.75 MPam!/2, whereas the
estimated Fréchet parameters & and A are compared to the theoretical ones o and
A obtained from Egs. (5.16a) and (5.16b). The data in Tab. 7.1 show a good match
between the estimated and theoretical distribution parameters, which is another proof
of the accuracy and validity of the proposed methodology.
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Fig. 7.5 Location of the critical edge crack for the glass specimen under uniaxial tensile load.
Case with 5 cracks

Table 7.1 Weibull and Fréchet parameters for the glass specimen under uniaxial tensile load.
Case with 5 cracks

n. of  Pareto Weibull Fréchet
cracks param. parameters parameters

A

m ag ¢ 6 B 0 B A a A «a
(mm) (N/mm) (N/mm)

5 002 30 649 6.1 646 6.0 3E-5 3.1 4E-5 3.0

7.2.2 Specimen with 29 edge cracks

In order to study the effect of the crack density on the glass strength, the number of
cracks in the specimen has been increased from 5 to 29 and the Weibull distribution
function of the failure load has been obtained.

The geometry and support conditions of the specimen, as well as the FE dis-
cretization, the enrichment radius r, and the statistical population of the crack size,
are the same as in the previous example. The cracks, on the other hand, are placed
every millimetre (see Fig. 7.6a). As in the previous case, the failure load gy ; of the
glass specimen is calculated for 5,000 different simulations in accordance to the
Ki-based failure criterion. Fig. 7.6b shows the Ky values at each of the crack tips for
a single simulation.

The sampling probability distributions of the failure load and critical edge crack
size are plotted in Figs. 7.7 and 7.8, where they are fitted respectively with the Weibull
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Fig. 7.6 Specimen under uniaxial tensile load: (a) FE discretization and enriched elements;
(b) Results in terms of K for a single simulation

and Fréchet distributions. The plots show a good match between the sampling
probability distribution of the failure load and the Weibull distribution, as well as an
excellent fit between the sampling probability distribution of the critical edge crack
and the Fréchet distribution. The estimated parameters which define the Weibull and
Fréchet distributions are listed in Tab. 7.2.
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Fig. 7.7 Weibull distribution of the failure load for the glass specimen with 29 cracks under
uniaxial tensile load: (a) Linearised cumulative distribution function; (b) Probability density

function
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Fig. 7.8 Fréchet distribution of the critical edge crack size for the glass specimen with 29
cracks under uniaxial tensile load: (a) Cumulative distribution function (CDF); (b) Probability
density function

Table 7.2 Weibull and Fréchet parameters for the glass specimen under uniaxial tensile load.
Case with 29 cracks

n. of Pareto Weibull Fréchet
cracks param. parameters parameters
m ao c 6 3 2 &
(mm) (N/mm)

29 002 3.0 48.8 57 24E4 30
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Like the failure load and the critical edge crack size, the fracture origin point
is considered a random variable which is predicted by the model and shown in the
graph of Fig. 7.9. As in the previous case, the point of origin of failure is uniformly

distributed since the specimen is subjected to a uniaxial tensile load.
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Fig. 7.9 Location of the critical edge crack for the glass specimen under uniaxial tensile load.
Case with 29 cracks

Finally, the Weibull distribution functions of the failure load obtained for the
specimens with 5 and 29 cracks are compared in Fig. 7.10. The two curves are almost
parallel, since the parameter 3 of the Weibull distribution theoretically depends only
on the parameter c¢ of the Pareto distribution of the crack size a (see Eq. (5.18b)),
which is the same for both cases. On the other hand, the Weibull distribution of the
specimen with 29 cracks is shifted towards lower values of the failure load, which
indicates a reduction in glass strength as the crack density increases. In fact, when
comparing Fig 7.4a and Fig 7.8a, the specimen with 29 cracks shows larger critical
edge cracks a. than the specimen with only 5 cracks, although the crack sizes a
are from the same statistical population in both cases. In accordance to the ASTM
E1300-16 [5], the design load-carrying capacity of the glass specimen is chosen to
be the load associated with a probability of breakage less than or equal to 0.8%. By
interpolating the numerical results through the Weibull distribution functions of the
specimen with 5 and 29 cracks, the following load-carrying capacity are obtained
(see Figs. 7.3b and 7.7a): gr,0.008 = 29.54 N/mm for the specimen with 5 cracks and
g,0.008 = 20.96 N/mm for the specimen with 29 cracks. Therefore, we can conclude
that increasing the number of cracks from 5 to 29 results in a reduction of about 29%

in load-carrying capacity.
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Fig. 7.10 Effect of the crack density on the Weibull distribution function of the failure load
7.3 Edge-cracked beam under three point bending

This example involves the edge cracked beam from Sect. 7.2.2 subjected to three
point bending (Fig. 7.11). The beam contains 29 edge cracks, and just like the
previous example, the failure load P is determined for 5,000 distinct simulations.
The i-th failure load corresponds to the load for which K{"** = Kjc at one of the 29
edge cracks. For the sake of example, the Kj values at each crack tip for a single
simulation are plotted in Fig. 7.12. The highest values of Kj are obtained near the

mid-span of the beam, where the bending moment takes the maximum value.

7.5 mm X a
NN ANIEEIRNN

L =30 mm

Fig. 7.11 Sketch of the three point bending test

The failure load values, P;;, are analysed statistically using the Weibull distribu-

tion, whereas the critical crack size, ac, using the Fréchet distribution, as discussed
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Fig. 7.12 K; values at the crack tips for one simulation of the beam under three point bending

above. The diagrams in Fig. 7.13 show good agreement between the sampling dis-
tribution of the failure load and the Weibull distribution, as well as Fig. 7.13 shows
excellent match between the sampling distribution of the critical crack size and the
Fréchet distribution. The Weibull and Fréchet parameters, estimated according to

the moments method, are reported in Tab. 7.3.
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Fig. 7.13 Weibull distribution of the failure load for the glass beam with 29 cracks under
three point bending: (a) Linearised cumulative distribution function; (b) Probability density
function

The fracture origin coordinate x is normally distributed around the mean x¥ = 15
mm (Fig. 7.15) with standard deviation \/3 = 3.25 mm. It is shown that fracture

can occur anywhere between x = 5 mm and x = 25 mm.
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Fig. 7.14 Fréchet distribution of critical edge crack for the glass beam with 29 cracks under
three point bending: (a) Cumulative distribution function (CDF); (b) Probability density
function

Table 7.3 Weibull and Fréchet parameters for the glass beam under three point bending. Case
with 29 cracks

n. of Pareto Weibull Fréchet
cracks param. parameters parameters
m ao c 0 [§ A (04
(mm) (N)

29 002 30 835 60 23E4 27
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Fig. 7.15 Location of the critical edge crack for the glass beam under three point bending.
Case with 29 cracks
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By interpolating the sampling cumulative distribution function of the failure load,
through the Weibull distribution, the following load-carrying capacity evaluated with
a 0.8% breakage probability is obtained: P .oog = 37.55 N (see Fig. 7.13a).

The design load-carrying capacity is now estimated using a stress-based failure
criterion. First of all, the glass tensile strength of the beam with 29 cracks must be
defined. Based on the outcomes of the previous example (see Sect. 7.2.2), the glass
tensile strength evaluated with a 0.8% breakage probability is oy oos = 20.96 MPa.
As a consequence, the resistant bending moment is:

Ot,0.0081

M,r = =196.50 Nmm (7.8)

Ymax

being / the second moment of area and yn, is the distance from the neutral axis to

the most extreme fibre. Finally, the load-carrying capacity is obtain as follows:

=26.20N (7.9)

Therefore, we can conclude that the load-carrying capacity estimated with the
proposed probabilistic FEM approach is 43% greater than the load-carrying capacity
evaluated with the stress-based approach. The difference in load-carrying capacity
prediction is due to the fact that the stress-based design approach assumes that the
point of origin of failure coincides with the point of maximum stress, that, in most
of the cases, does not occur [27]. In that regard, the distribution in Fig. 7.15 shows
that the point of the origin of failure matches with the point of maximum stress in
less than one out of five cases.

7.4 Edge-cracked simply supported beam under uni-

formly distributed load

The cracked beam of Sect. 7.2.2 is now simply supported and subjected to a uniformly
distributed load as shown in Fig. 7.16.

Figs.7.17 and 7.18 show the sampling probability distributions of the failure load
gr and critical edge crack size a., which are well fitted by the Weibull and Fréchet

distributions, respectively. The Weibull and Fréchet parameters were determined
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nnm

Fig. 7.16 Simply supported beam under uniformly distributed load

using the sample mean and variance by means of the moments method as explained

before. Their values are listed in Tab. 7.4.
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Fig. 7.17 Weibull distribution of the failure load for the simply supported beam with 29
cracks under uniformly distributed load: (a) Linearised cumulative distribution function; (b)
Probability density function

As shown in Fig. 7.19, the coordinate x of the critical crack follows the Gaussian

distribution with mean X = 15 mm and standard deviation \/3 =7 mm.

The load-carrying capacity of the beam under uniformly distributed load is
obtained from the Weibull diagram (Fig. 7.17) for the 0.8% breakage probability:
gr,0.008 = 2.12 N/mm. This value is compared with that estimated using the stress-
based failure criterion. As obtained above (see Sect. 7.3), the resistant bending

moment of the glass beam shown in Fig. 7.17 is M,.r = 196.50 Nmm Therefore, the
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Fig. 7.18 Fréchet distribution of the critical edge crack size for the simply supported beam
with 29 cracks under uniformly distributed load: (a) Cumulative distribution function (CDF);
(b) Probability density function

Table 7.4 Weibull and Fréchet parameters for the simply supported beam under uniformly
distributed load. Case with 29 cracks

n. of Pareto Weibull Fréchet
cracks param. parameters parameters
m ag c 0 [§ A (0%
(mm) (N/mm)

29 002 3.0 4.8 59 23E-4 28
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Fig. 7.19 Location of the critical edge crack for the simply supported beam under uniformly
distributed load. Case with 29 cracks
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load-carrying capacity calculated with the stress-based failure criterion is:

8M,.r
gr = Lg’ = 1.75N/mm (7.10)

To conclude, the load-carrying capacity assessed using the suggested probabilis-
tic FEM approach is 21% larger than that obtained using the stress-based failure

criterion.

7.5 Edge-cracked cantilever beam under uniformly
distributed load

The last example involves a cantilever beam subjected to uniformly distributed load
(Fig. 7.20). As in the previous cases, the beam contains 29 cracks, whose size a is
Pareto distributed:

02\’
Fla)=1- (ﬂ) (7.11)

a
The only differences with the previous examples are the support and load conditions
of the beam.
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Fig. 7.20 Sketch of the cantilever beam test

The Weibull distribution of the failure load interpolates N = 5,000 different
points (g, G)) in Fig. 7.22. Each gy value is obtained using the Ki-based fracture
criterion. Fig. 7.21 depicts the Kj distribution along the beam for a single FEM
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Fig. 7.21 Kj values at the crack tips for a single simulation of the cantilever beam under
uniformly distributed load

simulation. Near the fixed end of the beam, where the bending force is greatest, the

highest Kj values are found.
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Fig. 7.22 Weibull distribution of the failure load for the cantilever beam with 29 cracks under
uniformly distributed load: (a) Linearised cumulative distribution function; (b) Probability

density function

The sampling probability distribution of the critical edge crack size is fitted with
the Fréchet distribution in Fig. 7.23. The estimated Fréchet distribution parameters,
as well as those of the Weibull distribution, are listed in Tab. 7.5.

The point of origin of failure is located between x = 15 mm and x = 30 mm as

shown in Fig. 7.24.
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Fig. 7.23 Fréchet distribution of the critical edge crack size for the cantilever beam with 29
cracks under uniformly distributed load: (a) Cumulative distribution function (CDF); (b)
Probability density function

Table 7.5 Weibull and Fréchet parameters for the cantilever beam under uniformly distributed
load. Case with 29 cracks

n. of Pareto Weibull Fréchet
cracks param. parameters parameters
m ao c 0 [3 A (0%
(mm) (N/mm)

29 0.02 3.0 1.8 6.0 1.6E-4 27
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Fig. 7.24 Location of the critical edge crack for the cantilever beam under uniformly dis-
tributed load. Case with 29 cracks

The load resistance of the cantilever beam evaluated with the stress-based failure
criteria is:

2MZ;R

qr =

2= 0.44N/mm (7.12)
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whereas the load-carrying capacity obtained with the proposed probabilistic approach
is gf,0.008 = 0.80 N /mm (see Fig. 7.22a). Therefore, the Kj-based prediction is 83%

larger than the stress-based prediction.

7.6 Conclusions

A new probabilistic FEM approach is herein proposed for a more reliable and sus-
tainable design of load-bearing glass elements. The main benefit of this methodology
consists in the structural optimization of glass components, with a parallel reduc-
tion in both emissions and costs. The methodology, that adopts the stress intensity
factor-based failure criterion, can be applied to predict the edge strength of glass
elements with arbitrary geometry and edge flaws scenario. The proposed approach
aims to overcome the drawbacks of the stress-based design approach which relies on
a parameter, glass strength, that is not a true material property because it depends on
the fracture toughness, the flaws size distribution, the test setup, and the specimen
size and geometry.

The case studies reported in this Chapter illustrated that the structural optimiza-
tion of glass components could not rely on the stress-based design approach, as it
underestimates the load-carrying capacity of glass elements, particularly when the
stress distribution is far from uniform or in case of stress concentrations. In this
regard, for the simply supported beam under uniformly distributed load, the design
load-carrying capacity estimated with the Kj-approach is 21% greater than the one
evaluated with the stress-based approach, whereas for the three-point bending beam
and the cantilever beam this increment is equal to 43% and 83%, respectively. The
gap between the two approaches would be larger if irregularities in the geometry of

glass components caused stress concentrations.

Unlike prior similar approaches, the developed computational methodology does
not require post-processing to get the failure load of glass elements, as the values of
the stress intensity factor are directly provided by the XFEM solution. Moreover,
the methodology takes into account the interaction among cracks and the effect
of stress concentrations on the stress intensity factor. Finally, this methodology
allows flexibility in model geometries, boundary conditions, and flaw size statistical

distributions.
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The current version of the numerical methodology is limited to plane stress/strain

models, although its extension to 3D problems is quite straightforward.



Chapter 8

Conclusions and Further Research

8.1 Main Conclusions

A UV-curable polymeric coating has been developed for preventing stress corrosion
in glass and a new probabilistic FEM method has been proposed for the structural
optimization of glass component. Both the coating and the probabilistic FEM
approach aim to maximize the strength and reliability of annealed glass while also

pursuing a more sustainable design.

The polymeric coating was prepared with a co-reactive silane primer, a cy-
cloaliphatic UV-curable resin, a fluorinated methacrylate co-monomer, showing
good barrier to water vapor, hydrophobicity, transparency and adhesion properties.
Thanks to a compositional gradient, good adhesion and high water repellency were
present at the same time. The fluorinated co-monomer, which was present in little
quantities (1 phr), selectively enriched the coating’s outer surface, which caused the
hydrophobic behaviour. The adhesion was due to the covalent bonding between the
silane layer and the coating itself. Its performance has been assessed by comparing
the failure stress of un-coated and coated specimens, tested with the coaxial double
ring setup. The results show that the proposed formulation is highly effective for
both new and naturally aged glass. The increase of the bending strength correspond-
ing to a probability of failure of 0.8% is equal to 92% for new glass and 62% for
aged glass. The durability of the coating against cyclic loading, natural weathering
and artificial weathering has been assessed. While after cyclic loading and natural

weathering the effectiveness of the coating in preventing stress corrosion was al-
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most fully preserved, the effect of the artificial weathering on the durability of the
coating was more pronounced. It has to be remarked that the conditions applied
for the artificial weathering were very severe in terms of temperature, humidity
and UV-light, and exposure period. Even though only the application on the air
side has been investigated so far and slight modifications in the formulation of the
coating can be brought to further improve its durability, the current formulation has
already shown a very good performance, which makes it very promising for future
practical applications. Additionally, the developed coating has some advantages
compared to other strengthening techniques and coatings: it is solvent free, it has a
very fast curing time, it is low-energy consuming, and it can be easily included in
the continuous production systems of flat glass as well as it is available for in-situ

applications.

The probabilistic FEM approach has been proposed for a more reliable and
sustainable design of load-bearing glass elements. The methodology, that adopts a
numerical stress intensity factor-based fracture criterion, can be applied to predict
the load capacity associated to any given probability of failure of glass components
having arbitrary geometry, support conditions and surface/edge flaws scenario. The
main novelty consists in the use of the extended finite element method for the
numerical modelling of the structural elements, making use of its inherent ability
to handle multiple cracks of any length and location without changing the mesh
topology, as well as the potential to directly evaluate the stress intensity factors at the
crack tips without requiring any post-processing. The method can be adopted for the
structural optimization of glass component, since it allows to take into account for the
real statistical distribution of the cracks as well as for the actual geometry of the glass
component and the support and loading conditions. The numerical results have been
showed that the load-carrying capacity of glass components can drastically change
even just by varying the loading and support conditions and keeping the statistical
distribution of defects unchanged. In particular, it has been shown that, depending on
the stress gradient along the glass component, the developed method provides load-
carrying capacities larger than the predictions of a stress-based approach, by an extent
between 21% and 83%. Although the current version of the numerical methodology
has been developed for plane stress/strain models and, therefore, can be directly
applied only to in-plane loaded glass elements, whose mechanical resistance is
provided by the edge tensile strength, its extension to 3D problems does not change
its conceptual foundation and 3D XFEM implementations are also available in
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commercial software. In conclusion, the methodology provided has huge potentiality
for being generalized for all brittle materials and thus applied to ceramics as well as

polysilicon structures for micro-electro-mechanical systems (MEMS).

The results that have been presented are undoubtedly not exhaustive, further
studies are suggested below to address the unresolved questions related to the

developed coating and the proposed design method.

8.2 Further Research

On the basis of the still-open questions both for the developed coating and proposed

design method, the following study directions are recommended:

Durability of the coating - While the durability of the coating against cyclic
loading, natural weathering and artificial weathering has been tested in this thesis,
the resistance of the coating to scratches, abrasions, impacts and cleaning has to be
assessed. Additionally, the artificial weathering could be conducted in accordance
to the standards for structural sealants (see ETAG 002-5.1.4.2.1 [83] and EN ISO
11431 [84]). Finally, the gradual delamination due to water attack at the edges of the
coating must be analysed. Concerning all these aspects, Refs. [16], [136] and [24]

can give guidance.

Environmental impact of the coating - UV-cured coatings were selected for
this study because they not include solvents, which makes them attractive from a
health and environmental perspective. Furthermore, the polymerization of these
coating does not require heating, limiting the energy consumption. Finally, regarding
the choice of the fluorinated comonomer, attention was paid in order to use a non-
toxic and non-bioaccumulative product, approved by both the U.S. Food & Drugs
Administration (FDA) and the European Food Safety Authority (EFSA). Besides the
choices made, some additional aspects concerning the effect of the coating on the
environment should be investigated. In this regard, the effect of the coating on the
potential recycling of the glass and the effect of the reduction in glass transparency

on the photosynthesis rate of plants have to be study.

Application of the coating at the cut edges - The performance of the coating
when applied on the cut edges of glass plates should be analysed.
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Extension to 3D problems of the design method - The current version of the
developed numerical methodology for the structural optimization of glass component
is limited to plane stress/strain models, its extension to 3D problems must be pursued

in order to make it applicable to several products of the glass industry.

Sensitivity analysis of the design method - The load carrying capacity is
evaluated with the proposed design method by assuming the crack position, the
crack density, and the statistical distribution of the micro cracks. The crack density
and the statistical distribution of the cracks could be evaluated, within confidence
intervals, by means of experimental tests, while the crack position could be selected
randomly from an uniform distribution. To quantify how the uncertainties on these
three parameters affect the output variable, a sensitivity analysis should be performed.
By the analysis of interactions between the variables, the phenomenon of the failure
of glass components under arbitrary stress distributions could be better understood.
As aresult, decisions about the design and optimization of glass components can be

made with greater confidence.
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