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Abstract

Abstract

The pharmaceutical packaging industry faces a fundamental challenge in preserving the strength
of glass containers, requiring coatings to ensure smoothness and functionality along production
and filling lines. Current coating processes involve the application of a metal oxide primer and a
subsequent lubricating layer in two stages (hot-end and cold-end coating), the first of which
requires a dedicated equipment to manage toxic fume emissions. This PhD research, conducted
in collaboration with Bormioli Pharma S.p.A., aims to develop a sustainable lubricant coating for
glass vials as an alternative to the current hot-end coating. Organosilane-based solutions were
explored for their environmental and economic advantages. In particular, an aqueous-based
aminosilane as adhesion promoter for lubricant anchoring and an alternative organosilane in
water as one-component coating were investigated. Both approaches were initially tested with
dip coating deposition, followed by spray application on soda-lime-silica vials and pieces of vials
to evaluate their industrial scalability. The coated surfaces were analysed with morphological,
chemical and mechanical characterisations. The results show that the organosilane primer
effectively promotes lubricant adhesion, protects the vial surface and can be successfully
deposited with spray systems, thus fulfilling the requirement of industrial scalability. Mechanical
tests, consisting in tribological and scratch resistance tests, confirmed lubrication, particularly for
the primer-lubricant spray mixture. The one-component organosilane solution showed promising
protective qualities during spray application, although further studies are needed to confirm its
full potential. Overall, replacing the traditional hot-end process with a silane primer offers several
industrial advantages, including greater sustainability and the possibility of combining primer and
lubricant in a single spray application step, which is also cost-effective. This innovative approach
offers the possibility to reduce the environmental impact and production costs of pharmaceutical
vials, facilitating large-scale commercial implementation. Future research will focus on optimising
the molecular interaction between primer and lubricant, improving the functionality of single-
component lubrication, and refining mechanical testing methods to more accurately simulate the

movement of vials on production and filling lines.
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Introduction

1. Introduction

1.1 Glass for Pharma Packaging

Glass has historically been used in the production of containers for storing products considered
precious. Early civilisations used glass vessels for storing and transporting ‘sacred’ liquids, such as
oils and perfumes in Egypt, wine and funerary materials among the Greeks and Romans. In the
17 century, new moulding equipment enabled the mass production of glass bottles mainly used
to hold wines. From the 18t century onwards, glass began to be used for transporting and storing
medicines in both dry and liquid form, until the present day, the 215 century, when it still remains
the material of choice for storing and preserving pharmaceutical products [1]. Figure 1.1 shows

some examples of glass containers and their evolution over time.
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Figure 1.1 Evolution of pharmaceutical container shape, size, color, and glass composition from 1600s through today. From left
to right: (a) manually free-blown soda-lime bottle circa 17t century, (b) manually mold-blown soda-lime bottle circa 18t century,
(c) manually mold-blown soda-lime vial circa 1840 —1860, (d) manually mold-blown soda-lime bottle circa 1865-1915, (e)semi-
automatically mold blown soda-lime bottle circa 1880 —1920, and (f) borosilicate vials: mold blown amber and tubular converted
clear circa 2013-2016. Objects a— e are from the collection of the Corning Museum of Glass, Corning, NY [1].



Introduction

Thanks to the remarkable progress in glass production over the last two centuries, despite the
introduction of alternatives such as plastic, no new material has been developed that can
compete with glass in terms of effectiveness in preserving these precious substances [2]. In 2012,
approximately 98% of injectable products were stored in glass containers [3]. The reason lies in
the fact that it possesses a combination of properties that surpass those of other materials:

i.  not- porosity and high density

ii.  high transparency for content inspection or coloured for light protection

iii. impermeability to liquids and gases

iv.  excellent chemical durability

v.  moldability into various shapes
Unlike ceramics, glass is not porous, which eliminates the risk of evaporation losses or
contamination by substances trapped in the pores. Substances that are introduced in the glass
melt to act as colorants, refiners, stabilizers are strongly bounded to the vitreous network and
may migrate to a minimum extent. Its transparency allows the contents to be easily inspected for
signs of degradation or contamination, while coloured glass offers additional functionality, such
as protection from light-induced degradation [4]. In addition, glass is a perfect barrier for liquids
and gases, preventing oxidation or other forms of degradation of the contents. It can also be
remoulded by heating into complex shapes with thin walls without compromising its structural
integrity, thanks to its high elastic modulus, which prevents deformation under applied loads [1].
Chemically, glass is more durable than metals and other crystalline materials and offers superior
resistance to a wide range of solutions, thus minimising the impact of the container on its
contents [5].
The choice of packaging material in the pharmaceutical industry is primarily based on its physico-
chemical properties, which must be compatible with the type of dosage form, the method of
application, and the formulation's characteristics. Commercial glass, an inorganic material
primarily composed of silicates, is widely used for this purpose. It is produced by heating various
materials to a molten state and then cooling them without allowing crystallization (see Fig. 1.2).
Several metal oxides, such as SiO;, B,0s, P,0s and GeO,, possess the ability to cool without
crystallising and these serve as the foundation of glass, hence they are called network-forming

3



Introduction

oxides [6]. Among them, SiO; is the most commonly used in pharmaceutical applications, due to
its excellent resistance to chemical corrosion (notably from acids), minimal electrical conductivity
(5.5 x 1077/°C), very low thermal expansion coefficient, and effective transparency to ultraviolet

(UV) light [7].

Glass
transformation
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Figure 1.2 The volume-temperature diagram for a glass-forming liquid [8].

Silicate glass is composed of SiO4 tetrahedra, where each silicon atom forms covalent bonds with
four oxygen atoms, creating a three-dimensional network. This arrangement leads to a rapid
increase in viscosity during cooling, preventing the glass from transitioning to a crystalline
structure [6], [9]. However, the high manufacturing cost—since melting high-purity quartz or
refined sand requires temperatures above or higher than 2000°C—restricts the use of vitreous
silica alone, mainly to specialized products (such as astronomical mirrors, optical fibers, crucibles
for melting high-purity silicon, and high-performance lamp envelopes). For this reason, a widely

used technique for engineering the physical properties of glass is to incorporate various minerals
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into the molten SiO; glass. In this way, silica-based glasses are obtained, in which, in addition to
silica, other main constituents may be alkalis, alkaline earths, alumina, boric oxide, and lead oxide
[7]. Alkali metal oxides (Na,O, K;O, Li,0), alkaline earth metal oxides (MgO, Ca0), and zinc oxide
(znO) are referred to as network modifiers because they are incorporated into a network-forming
oxide, disrupting its continuity and thus weakening the structure, leading to significant changes
in the physical properties of silica glass. Specifically, they reduce the viscosity at high
temperatures, enabling the production of a glass that can be refined and worked at significantly
lower temperatures. Alumina, on the other hand, is classified as an intermediate oxide; it
integrates into the glass network through AlO,4 tetrahedra but requires the presence of network
modifiers to facilitate glass formation [10]. Based on specific additives, pharmaceutical glasses

can be classified into two main types: soda-lime-silicate glass and borosilicate glass (see Fig. 1.3).
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Figure 1.3 Glass structure of soda-lime glass (left) and borosilicate glass (right) [11].

Soda-lime-silicate glass is made by adding sodium carbonate (soda ash) and calcium carbonate

(limestone) as sources of sodium and calcium oxides, which account for approximately 25% of the
glass's weight [6]. Additional oxides like magnesium and potassium are added to further reduce
the melting point. However, soda-lime glass is susceptible to thermal shock failure due to its high

coefficient of thermal expansion (~ 100 x 1077/°C) and has a limited chemical durability. The latter
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is due to the high leaching potential of sodium and potassium ions, a property that can be
somewhat improved by adding Al,Os, which forms stronger covalent bonds. In amber glasses,
Fe,0s is included to enhance light protection by effectively absorbing ultraviolet radiation.
Generally, large-scale continuous melting of low-cost raw materials such as sodium carbonate
(Na2CO:s), limestone (CaCOs), and sand (SiO;) at temperatures of 1400-1500°C enables the
economical and high-productivity formation of containers [7]. Consequently, soda-lime silicate
glass remains the most widely used type among commercial glasses, though it has specific end-
use limitations in pharmaceutical applications.

Borosilicate glass is produced by introducing boron oxide (B,03) as a lattice former in addition to

silica, with a small amount of alkali ions. This type of glass offers superior chemical durability and
high resistance to thermal shock and rapid temperature changes, due to its low coefficient of
thermal expansion (~ 30-60 x 10 ~//°C) [7]. Additionally, Fe,0s, Ti,Os, or MnO can be added to
create an amber glass for increased ultraviolet protection. Borosilicate glasses can be
commercially produced in a manner similar to soda-lime glasses, but require higher melting
temperatures (1550-1650°C) and more expensive raw materials. However, due to its stability in
harsh thermal processes such as depyrogenation, freeze-drying, and sterilization, borosilicate is
the glass of choice for parenteral containers [12].

To date, soda-lime and borosilicate are the commonly accepted glass materials in the European
Pharmacopoeia, although studies have been underway for several years for the inclusion of
aluminosilicate glasses that appear to show excellent qualities from both a chemical and
mechanical point of view.

The long history that led to the modern production of glass bottles for pharmaceutical use is an
example of materials science and engineering and is still evolving. It highlights how a thorough
understanding of the structure, properties, processing methods and final performance of a
material are closely intertwined, demonstrating the critical role of material knowledge in
achieving the high standards required for pharmaceutical applications [4]. In fact, despite the
above-mentioned excellent qualities that characterize glass as a material, there are still many
scientific and technological challenges to be addressed. Numerous issues have historically been
associated with pharmacopoeial compendial glasses, some so critical that they have led to costly
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recalls of non-compliant products. The following sections will delve deeper into these challenges,
exploring the specificissues surrounding glass containers in pharmaceutical contexts, with a focus

on ongoing research and innovations addressing specifically the issue of mechanical resistance.

1.1.1 Issues and Challenges

In the pharmaceutical packaging sector, glass is a key material since the healthcare container must
ensure the safe and effective storage of drugs. However, it faces several complex challenges that
can affect its performance, safety and sustainability. These challenges can be broadly categorised
as follows:

i.  Glass-drug interactions: Chemical interactions between glass and medicines can
compromise the integrity of the container and the stability of the drug. Key issues include:

e Chemical durability: Leaching of ions from the glass surface, which may
contaminate the drug.

e Precipitation: Formation of unwanted precipitates due to interactions between the
glass and pharmaceutical compounds.

e Delamination: Separation or flaking of the inner glass layers, which can introduce
particles into the drug solution.

ii.  Mechanical strength: Pharmaceutical glass containers are susceptible to mechanical
stresses, which can result in fractures or cracks that compromise container integrity and
safety.

iii.  Environmental impact: The production and disposal of pharmaceutical glass containers
pose environmental concerns. Issues include the energy-intensive manufacturing process
and the challenges associated with recycling materials contaminated by pharmaceutical
residues.

Each of these areas presents distinct hurdles that must be addressed to optimize the performance
and sustainability of pharmaceutical glass containers. The following paragraphs will explore these
challenges in detail, analysing the current research and technological advancements aimed at

improving the quality and safety of glass used in pharmaceutical packaging.
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Glass-drugs Interaction

First of all, there is the still open problem of the interaction between drug products and glass

surface of the container. This contact can lead to the leaching and dissolution of inorganic
substances, which may subsequently react with the drug formulation and result in the formation
of sub-adducts and precipitates, potentially posing risks to patient safety [4]. The occurrence of
flakes or lamellae, thin inorganic particles, typically less than 1 um in thickness and exceeding 50
um in width [13], can cause serious complications when administered subcutaneously. These
particles are often the result of low-durability, precipitation and delamination [14] phenomena.
In the late 1800s, when parenteral products were first being developed, the only available glasses
were soda-lime silicates, which had relatively poor durability compared to modern borosilicate
glasses. These glasses were easily corroded by drug products, including pure water, and often led
to the generation of flakes [3]. Over time, leaching from the low-durability glass results in the
formation of a silica-rich gel layer, which, once thick enough, detaches from the underlying glass
into the solution [15]. Chemical durability remains the primary attribute of pharmaceutical
glasses, based on this the Pharmacopoeia has classified three Types of glass containers [EP7-3.2.1
European Pharmacopeia 7.0 — 3.2.1. Glass containers for pharmaceutical use]:

1. Type | glass containers: They are made of borosilicate glass (Type | glass) and have a high
hydrolytic resistance and a high thermal shock resistance due to their inherent chemical
composition; they are intended for any purpose.

2. Type |l glass containers: They are in soda-lime glass (Type Il glass) with high hydrolytic
resistance obtained through an appropriate treatment of the internal surface, which gives
them, for a thickness of a few microns, surface properties equivalent to those of Type |I.
Suitable for most acidic and neutral aqueous preparations, whether or not for parenteral
administration.

3. Type lll Glass Containers: They are made of untreated soda-lime-silica glass (Type Ill) have
a moderate hydrolytic resistance due to their inherent chemical composition. Suitable for

nonaqueous preparations, for parenteral and more generally for non-parenteral use.
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Regulatory authorities require distinct tests to evaluate both the stability of the drug and its
compatibility with its primary-packaging, which must be fully assessed prior to distribute the drug
preparation. To ensure this, tests on extractables and leachables, and stability evaluations are
conducted under stress conditions, including variations in pH, temperature, and time. These tests
are designed to quantify the migration of foreign substances into the drug product, confirming
the stability of the drug under both accelerated and standard storage conditions [16].

Another process that can result in the formation of solid flakes is precipitation, which occurs when
the components of a solution surpass their solubility limit [17], [18], [19]. This may happen due
to interactions between leachables from containers and the drug or excipients, leading to the
formation of insoluble solid phases [20]. These precipitates can take various forms, including flat
sheets on the container walls, which may eventually detach and appear as solid flakes. Other than
precipitation and poor-durability mechanisms, there is another phenomenon specific to the
formation of glass flakes, delamination (Figure 1.4), usually cited as a weakness of glass
containers. The term "delamination" refers to the detachment of glass lamellae from the inner
surface of glass containers, caused by the interaction between the glass and the solution in
contact with it. The formation of flakes in borosilicate glass differs from the behavior observed in
soda-lime glass, a phenomenon known since the 1940s [19]. Due to its significance, this issue was
the cause of several major vial recalls in 2010, prompting the Food and Drug Administration to
issue a warning to the pharmaceutical industry in 2011. Additionally, the International
Commission on Glass (ICG) established a technical committee (TC12 — Pharma Packaging),
bringing together experts from both the glass and pharmaceutical industries to collaborate and
share knowledge in order to address this problem collectively. Delamination in pharmaceutical
glass vials is a rare yet complex phenomenon, with multiple contributing factors and no single
identified cause. The main contribution is the manufacturing process, and is in fact a typical
problem for tube containers. The tubular conversion process at high temperatures leads to
inhomogeneities in the composition of the vial surface due to evaporation and redeposition of

low-melting components [13], [21], [22], [23].
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1.00mm

Figure 1.4 Electron microscope image of the interior heel region of a vial which exhibited delaminated flakes after exposure to a
liquid solution. The figure shows several thin flakes that were not yet released from the container surface and regions where the
flakes have already been released [1].

Sulphate treatments, although intended to limit the release of alkalis, can paradoxically increase
the risk of delamination by making treated surfaces more susceptible to corrosion [24]. Finally,
the duration and conditions of storage are also involved in this mechanism and in particular room
temperature storage increases the risk of delamination compared to cold storage [12]. Current
research focuses on developing effective tests for delamination propensity and refining corrosion

resistance assessments [25].

Mechanical Strength

Mechanical resistance issues in glass containers, specifically cracks and breakage, arise from the
inherent fragility of glass and its sensitivity to surface damage. A breakage is defined as a fracture
that extends fully through the wall of a glass container [26]. Cracks can form during high-
temperature manufacturing or result from handling during filling, transport, or distribution. Glass
is especially prone to breakage when applied loads create tensile stresses that act on existing
surface flaws, causing them to propagate. Additionally, contact with materials of similar or greater
hardness (such as other glass containers) can introduce or aggravate surface damage, further

compromising the strength of the glass and increasing the likelihood of future breakage [1].
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The pharmaceutical industry faces significant challenges from breakage in glass containers, as it
can contaminate aseptic filling areas, raise production costs and waste, and lead to drug shortages
and product recalls. Cracks pose particular risks because they compromise the sterile barrier,
creating pathways that allow: (i) microbes and contaminants to enter the product, (ii) potential
leakage of the drug product, and (iii) changes in the gas composition within the headspace. The
headspace refers to the area inside the container above the drug and typically contains gases like
nitrogen or oxygen [27] essential to ensure drug stability, particularly for oxygen-sensitive
formulations. When cracks allow gases to escape or contaminants to enter, the product's efficacy
and safety are compromised. In severe cases, undetected contamination could lead to the
administration of compromised doses, resulting in serious consequences such as sepsis or even
death [28].

To address these risks, two approaches are possible: reducing the likelihood of crack formation
by avoiding glass-to-glass contact and increasing inspection during production and filling; or
directly enhancing the mechanical strength of containers. Section 1.2 will discuss in more detail

the problem of surface damage and current methods of dealing with cracked containers.

Environmental Impact

Glass constitutes approximately 20% of the total weight of all packaging materials and is the only
packaging material recognized as "Generally Regarded as Safe" (GRAS) by the US Food & Drug
Administration [29]. Despite its inherent fragility and the higher costs associated with
transportation [30], consumer preference for glass remains strong, even with the wide array of
packaging alternatives available today [31]. As global population continues to rise, the demand
for glass containers used in packaging for food, beverages, pharmaceuticals, and other products
has similarly increased [32]. A report from the Freedonia Group (2021) predicts that the use of
glass in pharmaceutical packaging will continue to grow, driven by increased investment in
research and development. Additionally, a forecast by the Technavio Research Institute

anticipates that the pharmaceutical glass packaging market will expand by $7.73 billion between
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2024 and 2028 [9] (Figure 1.5), highlighting the increasing significance of this material in the

pharmaceutical industry.
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Figure 1.5 Pharmaceutical glass packaging market size report during the forecast period [33].

To meet the increasing demand for glass packaging, the rise in glass production inevitably leads
to greater consumption of natural resources and higher emissions. The manufacturing process
for glass is resource- and energy-intensive, contributing significantly to the emission of carbon
dioxide (CO;) emissions and other pollutants [30] . Consequently, the environmental impact of
glass packaging production, is a key consideration as the industry continues to expand. Despite
the energy-intensive nature of its production, glass is widely regarded as an environmentally
friendly packaging material due to its ability to be easily reused and recycled into new containers,
which helps reduce its overall environmental impact [34]. In the glass bottle industry, recycled
glass cullet has become the primary component of production batches (Figure 1.6). For example,
soda-lime green glass can contain up to 95% cullet, amber glass between 60% and 80%, and flint
(clear) glass between 50% and 70%. This extensive use of cullet is made possible by effective
colour separation during collection and the removal of contaminants. The inclusion of cullet
accelerates the melting process, leading to energy savings—approximately 3% less energy for
every 10% cullet added—and significantly reduces CO, emissions and the need for raw materials

[4].
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Figure 1.6 The circular economy possibility of glass packaging [35].

Once used, glass pharmaceutical containers are typically classified as municipal waste, except
when they come from infected areas. In these cases, they are usually sterilised before being
disposed of by incineration. From an environmental point of view, glass presents far fewer risks
than polymers. Composed mainly of inorganic materials, including common oxides found in the
earth's crust, glass that is dispersed into the environment gradually degrades without threatening
ecosystems or the environment itself. In contrast, plastic decomposes into microplastics, which
are known to infiltrate the food chain and pose significant environmental risks [36].

Investing in recycled materials, enhancing the efficiency of production processes, and adopting
innovative technologies, such as hydrogen-compatible furnaces, are essential strategies to reduce
the environmental impact of glass while maintaining the safety and effectiveness of
pharmaceutical products. These combined efforts help pave the way for a more sustainable

future in the glass pharmaceutical industry, benefiting both the environment and public health.
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1.2 The Issue of Surface Damage

1.2.1 Glass Surface and the Problems of Flaws

Glass containers, including both borosilicate and soda-lime silicate types, face a significant
challenge in maintaining mechanical strength due to damage introduced during the forming and
handling processes. One critical form of damage is breakage, defined as a “fracture that
penetrates completely through the wall of the glass [container]” [26]. Cracks, however, are

III

considered “critical” defects because they present a “probable” risk of causing personal injury or
patient harm. These defects can also “compromise the integrity of the container, potentially
leading to microbiological contamination of a sterile package” [26] as shown in Figure 1.7. Cracks
are essentially small slits or cuts in the container, which can create pathways for liquids, gases, or
microorganisms to penetrate.

Cracks can occur even after thermal annealing, a process applied after forming that reduces most
residual stresses within the glass, but may not completely eliminate them. These defects can also
form or worsen at other stages of production and filling, representing a significant concern for
the pharmaceutical industry that has faced recalls due to cracked or broken containers [4]. Cracks
most commonly appear in the body, heel, and base (footprint) areas of a vial following shock
inspection—a quality control procedure where vials are subjected to controlled mechanical
stresses or impacts to identify structural weaknesses. Although less frequent, high-risk cracks,

such as those occurring in the neck or the edge of the base (footprint), can also develop and are

more difficult to detect [5] (see Figure 1.7- right).
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Figure 1.7 Left - Cracked borosilicate vial of contaminated human albumin, which upon injection resulted in blood stream
infections for patients[37]. Right - Vial schematic labelled with common locations. The highlighted regions (Body, Heel, &
Footprint) show where more than 90% of cracks are introduced [5].

The susceptibility of glass containers to cracking can be attributed to three factors: i) the presence
of initial surface flaws caused by damage during forming, handling, and shipping; ii) the significant
tensile forces experienced during filling and handling, which can cause these flaws to evolve into
cracks; and iii) the lack of sufficient surface compression within the glass, which would otherwise
help prevent the spread of cracks and ultimately the breakage of the container.

Brittle materials, such as glass, exhibit considerable strength under compressive forces but are
prone to failure when subjected to tensile stress. In theory, pristine glass is an exceptionally strong
material, with a tensile strength depending on interatomic bonding forces estimated to be around
6500 MPa. However, when used as a practical engineering material, its strength is significantly
lower, with typical values around 1200 MPa for glass fibers and only 30-40 MPa for containers
[38]. This reduction in glass tensile strength was first explained by Griffith in 1920 [39], who
attributed it to the presence of submicrometric flaws—tiny discontinuities or breaks in the atomic
bonds on the glass surface. These flaws range in size from approximately 10° to 10® cm,
compared to larger flaws on the order of 107! to 10 cm. Consequently, the mechanical strength
of glass is not an intrinsic property of its composition but is heavily influenced by handling
practices. When stress is applied, these surface defects propagate, serving as focal points that

amplify the forces, eventually leading to potential fracture [40]. As flaws enlarge, fatigue develops
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throughout the period of applied stress, a phenomenon not accounted for in earlier brittle solid
strength theories prior to Griffith's work. Griffith revised the theoretical framework for calculating
the fracture strength of glass (Equations 1-2) by incorporating the concept of elliptical defects

(see Fig.1.8):
oyy = o1+ 2¢/b = o7 [1+2(5) (1)
of =/ 2Ey/mc* (2)

where g,y is the stress at the tip of an assumed elliptical hole or flaw, oy is the mechanical stress
needed to trigger fracture (frequently indicated in MPa) in conventional glasses, ¢ is the critical
flaw length for crack growth, p = b?/c is the radius of curvature at the tip of elliptical flaw, E is the

Young modulus (in MPa) and vy is the fracture surface energy [40].

n
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Figure 1.8 Elliptical flaw in a glass plate under tension. Where o, is an applied stress; 2b is the minor axis and 2c is the major axis
of the elliptical flaw. o7 = [Oo]faiure [40].

The shape, size, and distribution of these flaws are crucial in determining the energy necessary to
initiate fracture. Exceeding the value c* the energy decreases and the defect widens, thereby

influencing the overall strength of the glass.
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Flaws typically appear on free surfaces and have a wide range of lengths; however, fractures begin
at the position of the most severe flaw. In particular, the applied load focuses on the tips of the
defects, such as cracks, scratches or breaks, leading to their propagation only when the localised
stress exceeds the strength of the individual atomic bonds. The growth of these defects may stop
if the applied load decreases over time or if the defect forms in an area subject to less stress (see
Figure 1.9). Conversely, if the applied load remains sufficiently uniform and persists longer than
the time required for the defect to propagate, the defect will continue to extend through the

thickness of the wall or away from its origin, eventually causing the container to fail [5], [40].
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Figure 1.9 Cross-sectional schematic of a glass article under uniform applied tension, showing low level stress (grey shading)
throughout the part and high stress concentration (dark grey shading) near the flaw tip [5].

Initial surface defects in glass containers are mainly introduced during the forming process, when
the tensile stress exceeds the hydrostatic yield strength—the maximum pressure that molten or
semi-solid glass can withstand uniformly from all directions without deforming or cracking [40].
Subsequently they can be exacerbated by contact with other surfaces during handling, transport
and filling. Cracks can develop or worsen during loading and unloading, particularly when glass
comes into contact with sharp objects, such as other glass surfaces. As a result, surface damage
to glass containers is inevitable during handling, especially after the forming process, when vials
are exposed to applied stress. The likelihood of defect formation depends on both the duration

of the stress and the alignment of the originating flaw with the direction of the applied force.
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These defects are more likely to occur in specific areas of the vial and can evolve into cracks or

fractures over time [5].

1.2.2 Methods to Improve Mechanical Strength

Minimizing surface damage plays a key role in maintaining the structural integrity and mechanical
performance of the vials throughout their use. Therefore, it is evident that any method capable
of reducing surface damage is essential for preserving such failures. Over the years, various
approaches have been employed to address this issue. One strategy is to minimise the risk of
defects by preventing glass-to-glass contact and, for example, some pharmaceutical
manufacturers designed new type of filling lines to achieve this purpose. For example, Stevanato
Group developed the EZ-fill® platform, which uses pre-sterilized containers in nest-and-tub or tray
configurations to minimize container contact during filling [41]. However, this is not always
practical on an industrial scale, as the need for specialized production lines, where vials move
without touching, may not always be compatible with existing factory processes. A second,
equally important approach is to enhance quality control efforts through the use of advanced
inspection technologies, including sophisticated equipment and data management systems, to
reduce the risk of releasing products with undetected defects [4]. Practical application of these
techniques is not trivial, for instance optical inspection methods for glass containers are
dependent on the precise alighnment of the detector, light source, and crack, which increases the
likelihood of false negatives. As a result, these methods can often be ineffective in reliably
detecting cracks and, despite significant investments in inspection technology by the
pharmaceutical manufacturing industry, injectable drugs are still frequently recalled or re-
evaluated due to sterility concerns linked to cracks. Recent updates to the US Pharmacopeia
chapters on package integrity testing [27] highlight that traditional methods are probabilistic and
cannot consistently guarantee container integrity. Therefore, they are still insufficient to
completely eliminate material waste and the residual risk of a damaged product reaching the

consumer.
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A promising approach to improving the mechanical strength of glass containers involves applying
post-processing techniques. In the production of glass for different applications, it is well
established that strengthening methods can inhibit both the initiation and propagation of defects
while also controlling fracture behavior when breakage occurs, such as the number and shape of
fragments. For instance, thermally toughened (i.e. thermally tempered) safety glass, commonly
used in automotive and architectural contexts, is designed to create a surface layer of
compressive stress, which prevents damage initiation and limits defect propagation. Compressive
stresses on glass surfaces are beneficial for strengthening, as any external stress must first
overcome this compression before subcritical crack growth can begin. When this type of glass
fractures, it does so at a higher load as compared to non-toughened glass, and the resulting
fragments are small and cubic, reducing the risk of injury from sharp, dagger-like shards typical of
annealed glass [42]. The specific fracture behavior of toughened glass is achieved only when the
strengthening process generates sufficient strain energy to impact defect propagation [43].

A similar method used for pharmaceutical glass containers is ion-exchange (i.e. chemical
tempering), which strengthens the glass and prevents stable crack formation. Compared to
thermal tempering, chemical tempering through ion-exchange is suitable in strengthening
containers with thin walls, complex geometries, and low thermal expansion glass compositions,
while still providing the necessary strain energy threshold [44]. This strengthening technique aim
to retain the original strength of the glass or to increase the force required for breakage by
introducing compressive stresses that counteract the applied tensile stresses, thus enhancing the
practical strength of the container. The ion-exchange process works by replacing small alkali ions
such as sodium and lithium, representing typical “modifiers” in the glass structure with larger
potassium ions (see Figure 1.10) from an external salt bath where the glass is held at high

temperature for a certain time [44], [45], [46].
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Figure 1.10 Schematic representation of the ion exchange process used to make chemically strengthened glass [47].

This exchange creates a compressive stress on the surface of the container and a balancing tensile
stress throughout the thickness of the glass wall, as illustrated in Figure 1.11. Since this stress
profile is generated by ion interdiffusion, the exposure time and temperature during the process
can be carefully controlled to ensure that the strain energy remains above the minimum threshold

necessary for preventing cracks.
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Figure 1.11 Illustration of the engineered stress profile resulting from ion-exchange of a thin-walled glass article, where the
abscissa is the wall thickness (t, radial direction) and stress is the ordinate. High compressive stress (CS) is installed at the
surfaces, and it decreases to the depth of the compressive stress layer (DOL-Depth Of Layer). The compressive strain energy
induced by this ion-exchange process is balanced by tensile strain energy, measurable as central tension (CT) [5].
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Since the process relies on diffusion, treatments take place at relatively high temperatures for
several hours to complete [48]. Although current research is exploring ways to make the process
more efficient and reduce the required times [49], it remains unsuitable for widespread
application in most industrial production settings especially for glass containers.

Chemical tempering directly increases the intrinsic strength of the glass, improving its resistance
to stress, but does not prevent the external forces to which the vials are subjected during
handling. Another approach, particularly interesting for the glass-packaging industry, is to
develop surface coatings to reduce the impact of these external stresses, thus indirectly
preventing the formation of surface defects. These coatings aim to improve the smoothness of
the vials, minimising friction and potential damage during the manufacturing and filling processes,

offering an effective way to reduce stress-related defects in pharmaceutical containers.

Standard Method in Use and Industrial Requirements

The traditional method used to preserve the strength of the glass container consists in the
application of two successive treatments called hot-end and cold-end coating (see Fig. 1.12). This
method has been widely studied [50], [51], [52], [53], [54] and is still the most used method in
the glass container industry especially in food packaging. The first treatment, known as hot-end
coating, is applied to the surface of glass containers immediately after forming and prior to
annealing. This process involves vapor-phase deposition at atmospheric pressure, where a thin
tin oxide film is applied while the containers are still at elevated temperatures, typically between
520 °C and 650 °C. The oxide coating helps maintain the pristine strength of the glass, offers high
transparency to visible light, and exhibits high hardness [52], [55], [56]. It is usually deposited
using organometallic precursors, such as mono-butyl-tin-trichloride (n-C4HsSnCls3) [57], [58] for
the deposition of Sn0;. Hot-end treatment requires a dedicated hood on the production line for
toxic fumes, such as HCI, released during this deposition process. The second treatment, cold-end
coating, is applied afterward through the spray deposition of an organic, water-based formulation

(such as polyethylene, waxes, or oleic/stearic acid) immediately after annealing, when container
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temperature ranges from 80 °C to 160 °C [53], [54]. It is widely accepted that the tin oxide film

serves as a coupling agent, bonding both the glass and the polymer [50], [54], [59].
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Figure 1.12 Hot-End and Cold-End systems, adapted from [60].

The polymer coating significantly reduces the coefficient of friction during glass-to-glass contact,
enhances lubricity, and minimizes surface damage that could weaken the glass. The anchoring
function of oxide has been extensively studied [50] and is believed to arise from its ability to
enhance the bond strength between organic coatings and glass. The presence of stronger
Bronsted acid sites and strong Lewis acid sites, due to metal cations, explains why tin oxide
primers interact more effectively with both polar and non-polar organic molecules compared to
soda-lime silica glass. This enhanced interaction is attributed to the more covalent nature of tin
dioxide, which leads to stronger acid-base interactions between the primer and polymer, a result
of the oxide’s cationic polarizability [61]. However, the tin dioxide deposit roughens the glass
surface, suggesting that the anchoring function of the primer may also have a mechanical effect
[60]. Optimal mechanical properties are generally reported as a result of the combined effects of
tin dioxide thickness and the amount of deposited polymer [52]. This indicates that both the
surface roughness and chemical properties of SnO; play a role in stabilizing the polymer coating
[54]. Although these methods have proven their effectiveness over the years, they cannot be
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considered a definitive solution. While hot- and cold-end coatings provide some degree of surface
protection, their impact and durability are often limited and may not fully meet all supply chain

requirements, from production to filling, up to the end user (schematically in the Figure 1.13).
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Figure 1.13 Outline of manufacturing and filling line processes and associated surface treatments requirements, adapted from
[38].

The primary requirement for manufacturers is that glass containers have high resistance to
scratching in the dry state, ensuring they retain as much of their original strength as possible
during production. This is especially critical for modern high-speed production and filling lines,
where the smooth and efficient movement of containers is essential to avoid costly breakages.
The glass surface must also be protected without compromising its aesthetic appearance with
visible scratches, a key marketing factor. Adequate lubrication is required to ensure that the
containers pass smoothly through inspection and packaging processes, but excessive lubrication
should be avoided to prevent handling issues [38]. From the viewpoint of pharmaceutical clients,
there is a need for sufficient dry lubrication to ensure the containers flow smoothly during in-line
filling and packaging for transport. Specific requirements, such as wet lubrication that can

withstand washdowns or sterilization processes like depyrogenation (where containers are
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exposed to rapid thermal cycles at high temperature), may also be demanded by pharmaceutical
clients. For end users, key requirements include safe containers without any type of
contaminations and free from visible defects, such as scratches or abrasion marks [38].

Historically, safety was achieved through thicker-walled, heavy containers, but with the growing
trend toward lighter containers, protective coatings have become increasingly important. These
coatings play a crucial role in maintaining container durability and performance while supporting

the transition towards lighter and more sustainable packaging solutions [62].

1.3 Aim and Outline of the Work

The aim of this PhD project is to develop a lubricant coating for the external surface of
pharmaceutical vials, in collaboration with Bormioli Pharma, a leader in pharmaceutical
packaging. The primary objective is to replace the current hot-end coating process, (Fig. 1.14),
which involves a dedicated manufacturing step and specialized equipment to manage the release
of toxic fumes, with a more sustainable and cost-effective alternative. Specifically, the project
focuses on introducing a water-based organosilane primer that can be applied via spray
deposition, while retaining the lubricant currently used in the factory. This approach aims to
eliminate the costly and environmentally harmful aspects of the existing process, while

maintaining the required surface protection and performance of the vials.

HOT-END
COATING  /\

T T T T TA 0 LT 00 i it

5o C ANNEALINGE505C

J omme

/

0040

Figure 1.14 A schematic representation of the industrial application of hot and cold-end coatings, together with the initial
concept of my work to replace the hot-step.

Initially, the silane primer was studied using the dip-coating method, applied directly to glass vial
samples, to assess the influence of deposition parameters on the formation of the primer film
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through morphological and chemical characterizations. The effectiveness of the primer in
promoting lubricant adhesion was evaluated through mechanical testing on both vial samples and
whole vials. Subsequently, the industrial feasibility of the coating process was investigated by
testing airbrush and spray systems to demonstrate scalability from laboratory to industrial
production. Mechanical performance of the coating was further tested using these alternative

deposition methods.

In parallel, a preliminary study was conducted on a single-component organosilane coating,
exploring the possibility of combining both adhesion promotion and lubricant functionality within
a single molecule. As with the silane primer, deposition was first studied via dipping, followed by

tests of industrial scalability using spray techniques.

The work focused on transparent soda-lime glass vials, aiming to improve the surface lubrication
treatment on the least expensive glass type. The development of these coatings was designed to
alter only the surface layer of the containers, targeting commercial applications for mass-
produced vials, with an emphasis on lowering production costs and minimizing environmental

impact.

1.4 Structure of the Thesis

The Thesis is organized as follow.

Chapter 1 provides an introduction to glass as a material for pharmaceutical containers, discussing
why it is the material of choice, alongside the main challenges and issues associated with glass
containers in the pharmaceutical industry. This includes a specific focus on the problem of
mechanical strength and surface damage, methods to address these issues, the current industrial

strategies adopted, and the approach undertaken in this research to protect the external surface
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of soda-lime glass vials. The primary objective is to eliminate environmentally unsustainable and
costly processes within industrial applications.

Chapter 2 describes the materials and methods used in developing a surface coating, focusing on
aqueous silane-based solutions, primarily used as primers to anchor lubricants. It includes a
literature review on silanes as adhesion promoters and the main associated challenges, along with
the importance of surface pretreatment. The chapter further explores the lubrication
mechanisms of organic lubricants and the specific requirements in the pharmaceutical industry.
A sub-chapter is dedicated to a description of the experimental techniques, theoretical
foundations and instrumentation used.

Chapter 3 details the first experimental phase, examining the deposition of an aminosilane-based
aqueous primer and a potential single-component silane solution via dipping. The results of
morphological, chemical, and mechanical characterisations are presented.

Chapter 4 covers the second experimental phase, which investigated the application of these
formulations through spray systems to assess their industrial applicability. The characterisation
results are provided, with a particular focus on mechanical performance.

Finally, Chapter 5 presents conclusions and future perspectives, summarising the most significant
findings and highlighting areas requiring further investigation. The chapter also emphasises the

industrial benefits of this research.
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2. Development of a Surface Coating

2.1 Silane Adhesion Promoters

2.1.1 Description and Applications

Adhesion promoters, also known as coupling agents, are chemicals that improve adhesion
between dissimilar materials such as organic polymers and inorganic surfaces by acting at their
interface. Significant differences between organic and inorganic materials, such as compatibility,
chemical reactivity, surface properties and thermal expansion, often make it difficult to form
strong adhesive bonds between them. An effective adhesion promoter addresses this challenge
by chemically and physically binding organic and inorganic materials, creating a cohesive and
durable bond structure. In addition to improving adhesion, these promoters also act as a
'compatibility bridge', altering the physical and chemical forces at the interface and providing
resistance to environmental factors such as heat and humidity that can weaken adhesive strength
[63].

Historically, organosilanes have been the most commonly used type of coupling agents for
promoting adhesion due to their ability to integrate both inorganic and organic reactivity within
one molecular framework [63]. This hybrid nature allows them to react with both polymers and
inorganic surfaces[64], making them the most interesting molecules in surface engineering
science for decades. Their use spans in different industrial sectors from biomaterials to
semiconductors and construction technology, but the most important applications regard the
coating industry [65], [66] where they are especially employed in adhesion promotion. Their
popularity in the industrial context is due not only to their hybrid nature, but also to their relative
safety compared to other chemical coupling agents. In particular, the ability to use them in
aqueous solutions is a significant advantage in all those applications that prohibit or require a

reduced release of volatile organic compounds [67].
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Specifically, in glass surface modification, studies on organosilanes range from imparting
hydrophilicity/hydrophobicity [68], [69], [70], [71] to glass reinforcement [72], [73], [74], [75],
[76], [77]. Regarding the latter, an objective very close to that of the present work, organosilanes
are used both as adhesion promoters for polymer coatings and as crosslinking agents. When used
in coating formulations, two approaches are typically followed: either as a primer — a thin layer
of organosilane primer is deposited onto the substrate before the polymeric coating is applied —
or as an additive —a silane organo-compound is added directly into the coating formulation before
being deposited onto the substrate [78]. Numerous studies have employed silanes as coupling
agents with both synthetic [77] and natural [72] reinforcement polymers, often aimed at
improving the abrasion resistance of glass surfaces [79]. When the specific focus regards glass
strengthening, organosilanes are frequently used as additives in coating formulations [76] or as
cross-linking agents to facilitate crack-bridging mechanisms [75]. Most of these applications are
focused on flat and/or float glass.

Today there is a large variety of organosilanes with different functionalities that can be deposited
on inorganic substrates by different methods such as liquid phase deposition by dip coating or
spray coating, sol-gel reactions, chemical vapour deposition — CVD and plasma enhanced CVD -
which exhibit different advantages and disadvantages [80], [81], [82], [83], [84], [85]. Unless
differently stated, in the following we will refer specifically to the liquid phase deposition via dip

coating, the technique mainly used to carry out the present research activity.

2.1.2 Chemistry and Reactions

Organosilanes coupling agents are silicon-based chemicals that typically feature a structure with
four substituents attached to a single silicon atom, some for the interaction with inorganic
material and some for the interaction with the organic material. To qualify as an organosilane, at
least one of the substituents attached to the silicon atom must be an organic group (carbon-
based), which is directly connected to the silicon via a Si-C bond. The general formula (3) for this

type of compounds could be expressed as:
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[ RnSiX(4-n)] (3)
Where R represents the non-hydrolysable organic portion, which can be: i) non-reactive alkyl or
aryl groups such as methyl, butyl, octyl, or phenyl; ii) organofunctional, incorporating a terminal
reactive group (such as amino, epoxy, methacrylate, sulphidic or isocyanato) separated from the
silicon atom by an organic chain (as showed in Fig. 2.1); iii) a combination of them. This portion
ensures compatibility with organic materials, allowing silanes to form interpenetrating polymer
networks (IPNs) or, in the case of reactive organofunctional silanes, to interact with the polymer
coating. Alkyl and aryl groups are also used to create hydrophobic surfaces.

The X group represents the hydrolysable portion. In the most common organosilanes X are
represented by three alkoxy groups (such as methoxy or ethoxy), which react with hydroxyl
groups, releasing methanol or ethanol in the process. In this way, alkoxy groups can bond with

inorganic substrates, thereby enhancing the integrity and adhesion of the coating [2] [54].

[R=(CH2)y |n= 51 =Xy

Organic Linker Silicon Hydrolysable
group groups

Figure 2.1 General formula of organosilane coupling agents adapted from [86].

The surface treatment process using organosilanes involves several steps detailed in the following
with reference to Figure 2.2 (from left to right). Initially, the alkoxy groups on silicon undergo
hydrolysis, either through added water or residual moisture on the inorganic surface. During the
hydrolysis alkoxy groups convert into silanols, with the release of the corresponding alcohol from
the present alkoxys [87]. Silanol groups (Si-OH) formed are very reactive, particularly electrophilic
due to the larger and more electropositive silicon atom, and condense with each other (self-
condensation) or with metal hydroxyl groups present on the inorganic surface (condensation),
leading to the formation of oxane bonds and the release of water. This process creates a

crosslinked siloxane structure, characterized by tightly packed layers near the surface and more
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diffuse layers far from the surface. The self-condensation of silanols with one another leads to
the formation of a multimolecular cross-linked siloxane structure on the inorganic surface [63].
The final hydrolysed alkoxy group aligns itself with the hydroxyl sites of the substrate, forming
hydrogen bonds. Upon drying or heating, covalent bonds are established at the interface,
enhancing adhesion. Although these covalent bonds are hydrolysable, they can reform, allowing
for tension relaxation at the organic/inorganic boundary. This leads to improved adhesion and
greater durability of the coating [64] [63] [87]. This final step requires the surface of the substrate
—such as glass — to be as hydrophilic as possible with exposed hydroxyl sites. This necessitates a
pre-treatment step to activate the glass surface that will be discussed in the dedicated 2.2 sub-

chapter.
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Fig 2.2 Silane deposition process- adapted from [88].

2.1.3 Relevant Factors for Silane Reactions

The deposition of silanes on solid surfaces depends on a number of factors — processes and
parameters — such as surface preparation, silane concentration, choice of solvent and pH control,
solution temperature, reaction time and post-deposition treatments, including washing and
curing. Each of them directly affects the adhesion, structure and stability of the resulting silane
coating. Research on this topic provides valuable insights into these critical factors.

Effective silane deposition depends heavily on proper surface preparation. This process typically

involves both cleaning the surface to remove contaminants and activating it to expose hydroxyl
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groups (-OH), which provide the necessary reactive sites for covalent bonding with silanes [89]
[90].

The surface pre-treatment for glass substrates will be examined in detail in the subsequent
section, where the specific methods of glass surface modification will be addressed.

The concentration of silane in the deposition solution is another determining factor. Lower silane

concentrations tend to form uniform monolayers, which can enhance controlled adhesion by
limiting excessive crosslinking. On the other hand, higher concentrations, particularly when using
di- and tri-alkoxy-silanes, may lead to the formation of multilayers. These multilayer structures
can provide additional benefits, such as enhanced mechanical strength and improved barrier
properties, but may also introduce potential challenges in maintaining uniformity across the
surface [91], [92], [93].

The solution temperature influences the rate of hydrolysis and condensation reactions, affecting

the final structure and thickness of the silane layers. Moderate temperatures promote
homogeneous monolayer formation [89], while excessively high temperatures can lead to
multilayering or surface defects due to accelerated reactions [94]. Conversely, low temperatures
slow the reaction, potentially resulting in incomplete coverage.

Solvent selection and pH control play a crucial role in the deposition process, as they influence
the kinetics of the hydrolysis and condensation reactions of silane. The choice of solvent, whether
organic or alcoholic, and the presence of water are essential to facilitate the hydrolysis of alkoxy
groups, and this selection also depends on the specific type of organosilane used. Additionally,
precise pH control is necessary to promote controlled condensation, preventing fast or irregular
reactions that could result in a non-uniform coating [90], [95].

The reaction time, defined as the period during which the substrate is exposed to the silane
solution, influences both the uniformity and the quantity of the deposited layers. This parameter
directly affects the thickness and density of the silane coverage. Generally, shorter exposure times
can result in incomplete coverage, while longer times tend to promote multilayer formation,
particularly at higher concentrations [82], [83], [84], [85].

Post-deposition treatments, such as washing and curing performed after silane deposition, are

essential for stabilising the silane layer and ensuring its long-term functionality. Washing the
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silane-coated surface removes unreacted silanes, and prevents the formation of defects such as
uneven areas in the silane layer[96]. Curing, typically performed by heating, promotes cross-
linking within the silane layer, enhancing its mechanical stability and chemical resistance.
However, over-curing can lead to degradation of the functional groups, particularly in highly
cross-linked layers like those formed from tri-aminosilanes [94], [96].

A fundamental challenge in surface modification with silanes is managing the different stages of
the process—hydrolysis, condensation, and phase separation of the solution—which, while
sequentially dependent (as condensation cannot occur without prior hydrolysis, nor phase
separation without condensation), become competitive once initiated. Phase separation occurs
as distinct phases form within the solution. If these reactions are not properly controlled, they
can result in poor adhesion or uneven coatings. Several factors influence each stage, some of
which have already been briefly mentioned, including catalysts, the water-to-silane molar ratio,
temperature, pH, and the choice of solvent. Hydrolysis must occur before surface modification,
converting organo-silanes into silanol-containing species. This process releases alcohol from the
hydrolysed alkoxy groups. These species are highly reactive intermediates responsible for
substrate bond formation. However, premature condensation can occur, which affects
performance [95]. As previously mentioned, condensation starts with the interaction between
two hydroxyl (-OH) functional groups; -Si-OH in the case of glass substrate, leading to the
formation of siloxane linkages (Si-O-Si) with the release of water. This occurs not only between
substrate silanols and silane silanols but also between silane silanols themselves (see Fig. 2.3),

leading to the formation of oligomeric species [87].
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Figure 2.3 Competition between hydrolysis, adsorption and self-condensation reactions [100].

Balancing hydrolysis, condensation, and self-condensation is crucial for the surface modification
process. The kinetics of hydrolysis and condensation are complex and governed by multiple

parameters. The size and branching of the alkoxy group attached to the silicon directly influence

the rate of hydrolysis, with smaller groups (e.g. methoxy) hydrolysing faster than larger groups
such as butoxy, which has a direct effect on the thickness of the siloxane film [95]. The nature of
the organic group (R group) influences the hydrolysis reaction, for example in presence of polarity
the solubility increases thus promoting hydrolysis or in specific cases (e.g. amino, carbonyl or
ester) affecting it directly by interacting with each other or with adjacent silicon groups [101],
[102], [103]. In particular, the amino functionality tends to self-catalyse — both by hydrolysis and
condensation — compared to other functionalities [104].The pH of a solution plays a critical role
in controlling the rates of hydrolysis and condensation during silanization. In general, these
reactions proceed very slowly in neutral conditions, necessitating the use of catalysts. Hydrolysis
is typically favoured in basic environments, whereas condensation tends to proceed more rapidly
under acidic conditions. Catalysts like ammonia, hydrofluoric acid, or organic acids (such as acetic

acid) are often introduced to optimise reaction rates, ensuring efficient silanization [87].
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In addition to hydrolysis and condensation reactions, phase separation must also be considered.
As hydrolysis proceeds, a single phase containing reactive silanols is formed. With aging, the
silanols condense to form siloxanes and the solution becomes rich in oligomers. Finally, as the
molecular weight of these oligomers increases, phase separation and precipitation can occur. In
this mechanism other important factors take place, water/silane ratio and solvent medium. In
particular, the water-to-silane ratio significantly impacts the resulting oligomer characteristics —
both in the hydrolysis rate, including their structure, shape, distribution, and molecular weight
[95]. Generally, an increase in water content leads to higher molecular weights in the produced
oligomers [105], [106]. Since many organosilanes exhibit poor solubility in water, it is often
necessary to employ water-alcohol mixtures or organic solvents to ensure uniform
polymerization. However, the use of these solvents can result in the generation of reactive, toxic,

or flammable by-products, posing both safety and environmental concerns.

The deposition of silanes is a complex process due to the strong interdependence of the various
parameters involved. The interaction between these variables makes it difficult to standardise
the process, as altering one can significantly impact the others. This challenge highlights the need
for precise control and careful optimization of processes and deposition parameters to achieve

consistent and effective coatings.

2.1.4 Waterborne Silanes — Aminosilanetriols

The complexity of the silanization process presents significant obstacles for its industrial
implementation. The deposition of organosilanes often requires organic or flammable solvents,
prolonged hydrolysis times and often unstable products requiring freshly prepared solutions.
These factors make process standardization difficult. In addition, managing reaction kinetics,
catalysts and solvents to achieve consistent results adds further challenges. This complexity is
enhanced by safety and environmental concerns, as industrial scale-up must also meet regulatory

standards. Balancing these technical requirements with ecological and safety considerations
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makes the industrial transfer of this process particularly challenging. The increased focus on
environmental sustainability has also pushed the formulation of these silanes to be solvent-free
and effective in industrial processes. As a result, the focus for achieving efficient and scalable
industrial application of silane treatments has shifted towards the development of high silanols-
content, compounds that are stable in aqueous solutions under neutral conditions.

Maximising the concentration of hydrolysed OH species is crucial in the industrial grafting
processes [107], but equally important is the stability of these species in water over a reasonably
long time. The hydrolysis of organosilanes produces highly reactive compounds, among which
organosilanetriols RSi(OH)s stand out as a unique class [108]. Since 1959, they have been the focus
of numerous studies for their preparation, stabilisation, and isolation. These compounds exhibit
a strong tendency to form hydrogen-bonded networks due to the proximity of three donor and
acceptor sites, with the high polarity of the Si-O bond enhancing this effect. However, this also
contributes to their instability in agueous environments. The development of waterborne silanes
with stable silanol groups in water, has progressed significantly since the mid-20t" century. Initial
studies on alkoxysilanes revealed limits in industrial applications, inducing further research in the
1980s and 1990s that focused on the stabilisation of silanes in aqueous solutions [109], which led
to advances in organosilane chemistry. These efforts culminated in the formulation of water-
based silanes [110], which exhibit improved stability and performance. The inclusion of functional
groups, such as amine, helped refine these compounds, allowing for controlled hydrolysis and
improved adhesion under neutral or slightly acidic conditions. It was already known that amino
functionalities are very effective in aqueous environments, thanks to the capability to act as an
intramolecular catalyst [111]. They facilitate the rapid formation of silanols, with shorter reaction
times than other functional groups, improve water solubility due to their polar nature and
minimize self-condensation reactions [107].

Today, there are some commercially available water-based coupling agent solutions, usually free
of VOCs and flammable alcohol byproducts, that consist of hydroxyl-rich silsesquioxane
copolymers [112]. Some examples of commercial products are shown in Figures below, table with
list of Gelest company products (Fig. 2.4) and chemical structures of two of these compounds
(Fig. 2.5-2.6).
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Code Functional Group Mole % Molecular weight Weight % in solution
WSA-7011 aminopropyl 65-75 250-500 25-28
WSA-9911 aminopropyl 100 270-550 22-25
WSA-7021 aminoethylaminopropyl 65-75 370-650 25-28
WSA-6511 aminopropyl, vinyl 50-65 250-500 25-28
WSA-1511 aminopropyl, fluoroalkyl 15-20 - 15-20

Figure 2.4 Water-borne coupling agent solutions - Technical Brochure, Gelest [113].
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Figure 2.6 Aminopropylsilsesquioxane in aqueous solution [114].

The development of waterborne silanes, particularly aminosilanetriols based solutions, marks a

significant advancement in industrial surface modification. These silanes offer notable

improvements over traditional alkoxysilanes by addressing issues such as uncontrolled hydrolysis

and the environmental concerns associated with organic solvents. Their ability to maintain stable,

reactive silanol groups in aqueous and neutral environments leads to more consistent and

durable coatings. This makes them ideal for pharmaceutical applications, where non-toxicity,
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durability, and compliance with stringent regulatory standards are crucial. Their versatility and

reliable performance represent a leap forward in creating scalable, sustainable coating solutions.

2.1.5 Structure of Siloxane Network and Interphase Region

The strength of adhesion between a film and its substrate is largely determined by the condition
of the interfacial layer that forms between them. There are various types of interfaces that rely
on different adhesion mechanisms [115], which are often combined to enhance overall

performance, as schematically illustrated in Fig. 2.7.
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Fig 2.7 Different types of interface layers formed between film and substrate [115].

As previously mentioned, organosilanes act within the interphase region as "bonding" or
"bridging" elements. This is because the interface that is formed is a combination of a chemically
bonded layer to the substrate and a diffusion layer away from the surface that will allow the

organic coating to bind to the substrate.
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In the literature, several studies carried out by water extraction after the deposition of
aminosilanes on SiO; surfaces have shown that film growth by this type of molecule is complicated
and depends on several parameters such as the concentration of silane in solution, the immersion
time, the pH of the solution, the choice of solvent and so on. Another important point is that both
condensation with the hydroxylated surface and self-condensation occur during immersion, and
that the latter could include horizontal and/or vertical polymerisation depending on the
previously mentioned parameters [116]. All these factors influence the final structure of the
siloxane network and the orientation of the molecules in the different layers of the deposited
film.

From aqueous solutions, the amine groups can be deposited on the glass surface in two different
orientations (Fig. 2.8), one with the silanols oriented towards the silanols of the glass substrate
and the other with the amine groups oriented towards the glass surface [94], [117]. Furthermore,
it is widely known that vertical polymerisation is favoured when the solvent used is water, and
this could allow the deposition of thicker multilayer films [89], [94], [118]. In addition, the amino
group can catalyse the formation and hydrolysis of intramolecular siloxane bonds through the
formation of stable five-membered cyclic intermediates (Fig. 2.9) known as intra-amino siloxane
bonds [94], [119]. This molecular rearrangement of the silanol during annealing will render many

amines inaccessible [82].
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Fig 2.8 (A) Schematic representation of an APTES molecule, activation, and reaction with the hydroxylated oxide surface in an
ideal situation. (B) Chemical interactions involved in APTES grafting on the hydroxylated oxide surface [94].
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Figure 2.9 A proposed cyclic hydrogen-bonded amine structure in the hydrolytic APS Solution [119].

All these factors contribute to the complexity of determining the structure of the siloxane
network formed after the deposition of aminosilanes in water. It is unlikely that this process will
result in a monolayer. Instead, it is far more probable that a multilayer siloxane film will form,
creating an interwoven network that may facilitate the adhesion of a subsequent organic layer.

Based on several studies, it was assumed that the siloxane network has a structure with
decreasing density as one moves away from the glass surface towards the more superficial layers
of the coating. This was confirmed thanks to the extraction and identification of soluble
oligomeric aggregates present at the interface with the air [120]. Schematically, therefore, this
network is made up of (See Fig. 2.10): a chemisorbed component which is the one close to the
glass surface with which it has formed covalent chemical bonds; an intermediate component
made up of molecules weakly linked by chemical bonds; and a physisorbed component with easily
extractable oligomeric structures [120], [121]. The chemisorbed layer is characterized by a high
density (cross-linked) network with a high protonated amine component and a low content of
long network ends. The weakly chemisorbed layer is a cross-linked siloxane network-portion with
high density of long chain network-ends in which the protonated amines are still present. Finally,
the physisorbed layer is characterized by a loss of density with diffuse oligomers rich in free amine

groups [117].
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Figure 2.10 Schematic of composite interface between glass surface,, and polymeric matrix [117].

The presence of these soluble silane oligomers allows the silane deposit to diffuse into the organic
polymer matrix to varying degrees. The oligomeric components may be present in the body of
the deposit or as a surface-active agent adsorbed onto the siloxane film. These mobile silane
oligomers diffuse into the organic layer, to varying degrees, leaving molecular-sized voids that
accommodate the organic coating [100], [117]. In this manner, the role of the chemisorbed
component is to facilitate the formation of molecular-sized pores, into which the organic
molecules of the polymer can diffuse, thereby promoting adhesion through molecular
interlocking. An interphase region, or interface, is established between the organic component of
the coating and the inorganic substrate. The resulting adhesion mechanism is influenced by a
combination of chemical and physical factors, including the formation of electrostatic
interpenetration forces that act as adhesive agents, contributing to the final bonding process [63].
The formation of a so-called “interpenetrating network (IPN)” as a possible adhesion mechanism
provides a mode of interaction between silanes and polymers that does not necessarily involve
chemical coupling. This broadens the range of organic polymers with which organosilanes can be

used as adhesion promoters [87]. In the interdiffusion process between the siloxane film and the
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organic polymer, the chemical compatibility between the organic component of the coupling
agent and the polymer is crucial. This compatibility facilitates strong interfacial adhesion by
enabling the formation of Lewis acid-base interactions and molecular interpenetration [122]. The
strength of substrate-coating adhesion is also influenced by this factor and must therefore be
carefully considered to optimise silane performance and prevent debonding at the interface.

Various deposition factors will affect the formation and layering of the siloxane film, thereby
influencing the structure of the interphase region between the organic coating and the glass
substrate. This region will, in all cases, be characterised by an interface covalently bonded to the
substrate, as well as a more or less diffuse interface, which may be defined by chemical bonding

and/or interdiffusion between the siloxane and the polymer (Fig. 2.11).

Chemically bonded Diffuse
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Fig. 2.11 The inter-penetrating network (IPN) bonding mechanism. Adaptation from [63].

2.2 Glass Surface Preparation

The preparation of glass surfaces for silanization is a crucial step that significantly influences the
qguality and functionality of silane deposition. Effective surface preparation involves thorough

cleaning to remove organic contaminants and expose reactive hydroxyl groups (Si-OH) on the
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glass surface, as mentioned in the previous paragraph. The concentration of hydroxyl groups on
glass surfaces (Si-OH) determines the quality of silane deposition. The higher the density of
hydroxyl groups on the glass substrate, the greater the uniformity and coverage of the silane
layers. This improved bonding increases the structural integrity of the coating, making it more
effective for applications requiring precise surface modification, such as promoting adhesion
[123].

In the literature, there are numerous methods indicated for cleaning and activating the glass
surface. These include various chemical cleaning procedures, HF etching, chelation and steam
degreasing, as well as activation treatments with UV ozone, oxygen plasma, pyrolysis and lasers
[71]. Below is presented an in-depth description of chemical cleaning, HF etching method and
oxygen plasma activation which were used for the pre-treatment of the samples, as will be

illustrated in the Experimental Section of this Thesis.

2.2.1 Wet Chemical Cleaning

Wet chemical cleaning methods are widely used for cleaning and activating glass surfaces prior
to silanization. These methods involve the application of reactive liquids — combinations of acids,
bases, and organic solvents — under controlled conditions of time, concentration, and
temperature with the aim of interacting with the surface contaminants to produce soluble
byproducts, which can then be removed [124]. Despite the availability of various cleaning
methods, no universal protocol has been established, particularly for glass, which is a less
homogeneous substrate and have received less attention compared to silica [125]. Common
solvents include acetone and isopropanol, which are effective for dissolving organic
contaminants. Acidic and basic solutions such as hydrochloric acid (HCI) and potassium hydroxide
(KOH) are used as leaching agents of the glass surface, exposing the silanol groups necessary for
silanization [125]. One of the most effective cleaning agents is the Piranha solution—a highly
oxidizing mixture of concentrated hot sulfuric acid and ammonium persulfate. The resulting

peroxysulphuric acid reacts with water, releasing reactive oxygen atoms, highly effective in
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removing organic contaminants and exposing hydroxyl groups. However, its highly reactive
nature poses significant safety risks, including potential explosions, making it unsuitable for
routine use [124], [125]. An alternative often used is a combination of peroxide and ammonium
compounds [82], effective in complexing surface contaminants [124]. The most common involves
hydrogen peroxide/ammonium hydroxide mixture, followed by an acid rinse, and it is known as
Remote Chemical Cleaning (RCA), particularly employed in the semiconductor industry [71].
Experimental studies stated that, for glass silanization, this cleaning method is versatile and less
aggressive than the Piranha solution, though it is also somewhat less effective in achieving
maximum cleanliness [125]. Another common procedure is methanol/hydrochloric acid washes
[94] often followed by a sulfuric acid bath, which effectively removes organic contaminants and
prepares a uniform, reactive surface for silanization [125]. However, it is a corrosive process and
requires careful handling due to the aggressive chemicals involved. Each wet chemical cleaning
method has its specific advantages depending on the type of contaminants and the surface
involved. Acid cleaning is highly effective at dissolving organic residues, but its corrosive nature
requires careful handling. Alkaline cleaning, using solutions like sodium or potassium hydroxide,
effectively removes organic residues while being safer than acid cleaning. Solvent cleaning, using
organic solvents such as acetone or isopropanol, efficiently removes oils and greases but may be
less effective against inorganic contaminants. Despite their effectiveness, wet chemical cleaning
methods may leave residues that can hinder silanization if not thoroughly rinsed and pose
challenges in terms of safety, effectiveness, and environmental impact.

Chemical cleaning is usually done using an ultrasonic bath, making it more effective. This cleaning
methodolgy utilizes ultrasonic waves (20-40 kHz) to create cavitation in a solvent-filled container.
The collapse of microscopic bubbles generates localized high pressure (~1000 atm) and
temperatures, producing a scrubbing action that effectively dislodges contaminants from surfaces
[71], [126]. This method offers significant advantages for cleaning glass surfaces, especially for
removing tough contaminants from intricate geometries. It is particularly effective for dislodging
large particles like polymers, resins, and fats [127]. Ultrasonic cleaning is often paired with mild
chemical solvents to enhance its overall cleaning efficiency, as the cavitation process aids in the
removal of contaminants dissolved or softened by the solvent [124]. While widely used as a
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routine cleaning method in laboratories, especially for glassware, ultrasonic cleaning is
considered a preliminary step. To achieve full surface activation, it must be followed by more
precise treatments, such as plasma or UV-ozone cleaning, to fully prepare the surface for

subsequent processes [124].

2.2.2 HF etching

Chemical etching can be used to remove surface material along with the contaminants. Etching
removes surface layers such as oxides, eliminates or smooths out surface cracks in brittle
materials, and removes challenging contaminates. Hydrofluoric (HF) acid solution is a common
etchant for silicon and is particularly potent for etching glass surface [124]. HF etches silicate glass
by breaking the Si-O bonds within the silica network, involving a coordinated attack where a Lewis
acid targets the bridging oxygen atom and a Lewis base interacts with the silicon atom [71]. This
interaction causes a redistribution of electrons, leading to the formation of an O-H group and a
Si-FH group, ultimately resulting in the formation of soluble compounds like silicon tetrafluoride
(SiF4) and hexafluorosilicic acid (H,SiFg) as showed in the reaction below (4):

Si0; + 6HF = H,SiFs + 2H,0 (4)
The above mechanism for dissolving vitreous SiO; can also be applied to dissolving glasses with
more complex compositions, but the etch rate varies widely. HF etching of soda-lime glass
involves the removal not only of the silica, but also of sodium and calcium ions. HF reacts with
these components to form soluble fluorides, facilitating the removal of the surface layers. The
process is particularly efficient due to the presence of these alkali and alkaline earth metals, which
are more easily etched than pure silica. On the other hand, borosilicate glass is more resistant to
HF etching due to the strong bonding between boron atoms within the glass matrix. As a result,
the etch rate of HF on borosilicate glass is reduced with respect to that on soda-lime glass [128].
Another point is that HF etching of the silicon surface can allow both hydrogen terminations and
hydroxyl terminations. In the first case the surface becomes hydrophobic and in the second

hydrophilic. Some studies identify different regimes for the glass etching process. After a wetting
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phase, a regime occurs in which the glass surface becomes hydrophobic. This dewetting phase
can be due to non-uniform etching and depends on the glass composition and surface conditions
[129]. In general, cleaning methods are preferred which do not etch or otherwise chemically
attack the glass object, such as for instance organic solvents, aqueous detergent solutions or
strong acids. However, for some contaminants which are not attacked by these liquids, it is
necessary to use a process which dissolves the glass surface and thus frees the contaminant from
the surface. Aqueous HF etching is used in that case. The formation of insoluble fluorides can be
avoided by adding a strong acid [128], however, it is important to perform an ultrasonic wash in

water to remove insoluble byproducts [130].

2.2.3 Plasma treatment

Plasma treatments utilise reactive species, such as charged, atomic or radical species, generated
in the plasma that impact the surface by releasing their ionisation or excitation energies. The
interaction between reactive species and the surface leads to the formation of volatile
compounds that are then removed from the treated substrate without leaving any residues. This
absence of residue is an additional advantage of plasma cleaning compared to cleaning with
chemical solvents [124]. During plasma treatment of a glass surface, two main processes occur,
both closely related to the presence of physically and chemically adsorbed water molecules (Fig.
2.12). The first process involves the removal of organic contaminants, while the second leads to
the formation of polar groups [131].

The energy of the plasma electrons is sufficient to first break the hydrogen bonds (0.2-0.3 eV) of
the weakly adsorbed water on the glass surface. This physically bound water layer is removed,
along with any overlying organic impurities. Additionally, the electron impact cleaves the O-OH
bonds in the chemically adsorbed water layer, resulting in the formation of atomic oxygens and
numerous OH radicals on the glass surface [132] [71] (Fig. 2.13). Due to the polarity of surface-

exposed hydroxyl functional groups, the surface becomes more hydrophilic, leading to an
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increase in surface free energy and enhanced wettability [133] that plays a crucial role especially
in silanization process.

Oxygen (or air) plasmas are highly effective in removing hydrocarbons and adsorbed water vapour
from surfaces, but other reactive gases like nitrogen, argon, and hydrogen are also used [131].
The choice of gas depends on the desired surface modification and the type of substrate. For
hydroxylation of glass surfaces, oxygen is most commonly used [71].

This dry cleaning method compared to wet chemical methods offers several advantages, including
the absence of secondary contamination, no damage to the substrate, high efficiency, and

environmental friendliness [131].

Air o0 %0 Ooo °% Oo%
Adsorbents 5. 00.959.9 2°0. | Water film
Organic molecules P @ P ®» 9% & & 7]
Water film I Diffuse zone
. OH OH" oH
Diffuse zone o
Glass bulk
Glass bulk

Fig 2.12 Water film adsorbed onto soda-lime glass surface [132].
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Fig. 2.13 The change of molecular structure on glass surface after plasma treatment [71].

2.3 Lubrication in Glass Container Industry

In the glass packaging industry, lubricants are usually applied to the surface of glass containers to
reduce friction and improve container handling during all stages of production. Reducing the
coefficient of friction is essential for the smooth movement of sliding mating surfaces, as it
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prevents excessive surface damage and wear [134]. This becomes particularly mandatory in the
case of pharmaceutical packaging to ensure the integrity of the vials and avoid the formation of
cracks that can lead to serious safety issues as discussed in detail in paragraphs 1.2. Indeed, the
lubrication mechanism involves the introduction of a layer between the sliding surfaces that has
a lower shear resistance than the surfaces themselves, which is essential to ensure smoothness
between contacting surfaces [135]. This thin protective layer minimizes direct contact between
the external surfaces of the vials moving on the production/filling equipment or on the handling
tools. This reduces the likelihood of mechanical damage, such as micro-abrasions or scratches,

which can compromise the integrity of the vials and lead to contamination.

2.3.1 Lubrication Mechanism of Organic Molecules on Glass

The lubrication mechanism involving organic molecules on glass surfaces is a complex interplay
of interactions among microscopic surface asperities when one solid slides against another.
During this contact, attractive forces arise at the asperity boundaries, resulting in the formation
of microscopic bonds between the two solid surfaces. This bonding process can lead to surface
damage, particularly when forces are applied in different directions, which in turn leads to high
coefficients of friction and heat generation, contributing to the welding of the asperities. This
phenomenon is particularly pronounced in soda-lime glass surfaces, for which adsorbed water
facilitates the extraction of sodium from the glass. The resulting alkaline solution interacts with
the surface, forming a gel-like layer that solidifies under load, resembling a cement-like substance
that enhances the bonding of the asperities under pressure [50].

The effectiveness of adsorbed or deposited organic molecules in reducing surface friction and
preventing damage depends on several factors. These include the strength of the organic
molecules' adhesion to the glass surface and the thickness of the organic lubricating layer, which
can be increased by depositing multiple layers or extending the alkyl chain length. Thicker layers
elevate the distance between the contacting solids, thereby decreasing the number of asperities

that make contact. Surface damage typically occurs only when the organic layer is compromised.
47



Development of a Surface Coating

Furthermore, the extent of intermolecular forces among the adsorbed molecules (layer cohesion)
and the degree of surface coverage also significantly influences lubrication efficiency. Finally, to
minimize adhesion and the coefficient of friction, the outermost end groups of the adsorbed
organic molecules should possess the lowest possible surface energy, allowing the lubricated
surfaces to slide against each other without being damaged [50]. Among organic compounds, the
most commonly used as lubricants in the glass container industry include polyethylene (PE) and
polyethylene emulsions, epoxy resins, ethyltetrafluoroethylene (ETFE), and carboxylic acids
(stearic and oleic) [136]. The application of these compounds typically follows a cold-end coating
treatment that is widely utilized in industrial processes, occurring after an initial hot-end coating
treatment. This hot-end treatment involves the deposition of a metal oxide layer, usually tin oxide

(Sn03), as discussed in the first chapter.

2.3.2 Lubricants for Pharma

In the pharmaceutical sector, all materials involved from the production to the end-use of
containers must meet specific requirements. These requirements are outlined in the guidelines
of the European Pharmacopoeia (EP), Good Manufacturing Practice (GMP), European Medicines
Agency (EMA) regulations, and applicable ISO standards. Although these do not specifically
address lubricants, they establish general standards that influence the selection of materials,
including coatings for pharmaceutical containers [ EP Chapters 3.1 - Materials used for the
manufacture of containers, 3.2 — Containers, 3.2.1 — Containers for Pharmaceutical Use].
Therefore, when considering the use of lubricants for the surface treatment of pharmaceutical
containers, it is essential to adhere to these strict regulations that ensure both the safety and
functionality of the product throughout its life cycle. These requirements can be outlined as
follows:

Safety, biocompatibility, and chemical inertness: According to Eudralex Volume 4 and European

Pharmacopoeia (EP) Chapter 3.1, materials applied to pharmaceutical containers must meet strict

biocompatibility standards, ensuring that no harmful substances leach into the drug product,
48



Development of a Surface Coating

thereby preserving its stability and integrity. Also, lubricant must adhere to the high purity
standards set by the regulation EP Chapter 3.2.1: Containers for Pharmaceutical Use, which help
prevent chemical, physical, or microbiological contamination during the manufacturing process
(EudralLex Volume 4, Annex 1). In addition to biocompatibility and high purity, lubricants must
demonstrate chemical inertness. These materials must undergo thorough compatibility testing
with the pharmaceutical product to ensure no adverse chemical interactions occur. The lubricant
must not interact with the container materials, such as glass, nor cause any chemical degradation.
Furthermore, the lubricant must not migrate into the pharmaceutical product in amounts that
could compromise the drug safety, quality, or efficacy. These stringent requirements ensure that
no contamination or adverse reactions take place between the lubricant and the vial contents,
thus preserving the drug's therapeutic integrity.

Sterility and Thermal Stability: Lubricants and coatings applied to glass vials must withstand the

rigorous sterilization and depyrogenation processes commonly carried out by the pharmaceutical
customer before filling the vials, which often involve temperatures exceeding 250°C to 300°C. The
European Pharmacopoeia (EP) mandates that lubricants remain stable under these conditions
without degrading or degrading without leaving residues that could compromise the sterility of
the containers [EP Chapter 3.2.9]. EudralLex Volume 4, Annex 1 also addresses the requirements
for maintaining the integrity of materials during high-temperature sterilization. It must not
introduce particulate contamination, microorganisms, or other impurities during the sterilization
process. In addition, biocompatibility testing should be conducted to confirm that, also after
sterilization, the lubricant does not elicit any toxic or irritant effects, and that it is safe for use in
the pharmaceutical environment [Eudralex, Vol. 4, Annex 1; EP Chapter 3.2.9].

To date, the most widely used products for lubricating pharmaceutical containers include:
Silicone Qils: Silicone oil usually refers to linear polysiloxane products that remain liquid at room
temperature. Its repeating unit is alternating silicon and oxygen atoms, and there are two organic
groups connected to each silicon atom. It is produced by hydrolysis and polycondensation of
dichlorodimethylsilane and chlorotrimethylsilane. Among these, polydimethylsiloxane (PDMS)
was the most widely accepted type of silicone oil used as a lubricant for pharmaceutical
containers, particularly for internal surface of glass vials and syringes [EP Chapter 3.1.8. - Silicone
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oil used as a lubricant]. Silicone oils are favoured for their chemical inertness, stability, low
volatility, and ability to form a non-toxic, stable, and thin lubricating layer. Thanks to their high
stability to heat and oxygen [137] they can withstand high-temperature sterilization processes,
including autoclaving, without degrading or releasing harmful byproducts. However, silicone oils
are generally used with strict limits on particle contamination, as they can potentially generate
silicone droplets or particles in suspension, which is a concern for injectable drug products. For
this reason, pharmaceutical manufacturers must validate the application process and ensure that
particulate contamination remains within safe limits [EP Chapter 3.1.8. - Silicone oil used as a
lubricant].

Oleic acid: has a long history as a lubricating coating for glass, typically applied through steam
directly onto the glass surface, which allows for a significant degree of adsorption [50],
[138],[139]. In the pharmaceutical sector, although it is considered a traditional method that is
now outdated, its use is consolidated and is applied to specific bottles for specific end uses.

Polyethylene/polyethylene emulsions: are widely used in cold processing, especially in glass

packaging for the food industry, for which there are several industrial formulations [140]. Despite
this, in the pharmaceutical field it is often replaced by products such as macrogols stearates,
which better meet the sterility requirements following thermal treatments such as the
depyrogenation cycle.

Macrogol stearates: also known as polyethylene glycol (PEG) stearates, are widely accepted as

excipients in pharmaceutical formulations due to their non-toxic and biodegradable properties.
In the context of pharmaceutical packaging, particularly for glass containers, macrogol stearates
are gaining attention as potential lubricants [EP 5.0 Macrogols]. One of their key advantages is
their ability to undergo high-temperature processes, such as depyrogenation cycles, without
leaving harmful residues. This makes them suitable for applications where cleanliness and the
absence of contaminants are critical. During the depyrogenation process, which typically involves
temperatures up to 300°C, the macrogol stearates are completely removed, ensuring that the
glass container remains free of chemical residues that could compromise the purity or safety of
the drug. Their acceptance in the European Pharmacopoeia (EP) and United States Pharmacopeia
(USP) underscores their compliance with strict regulatory standards for pharmaceutical use.
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Although their primary use has been as emulsifiers or solubilizers in drug formulations, their
potential as external lubricants in pharmaceutical packaging is recognized due to their ability to
reduce friction and prevent surface damage without compromising the sterility or integrity of the
container. Another important feature relies in their water solubility making macrogols stearates
valid alternative to traditional oil-based lubricants.

In recent years, non-silicone lubricants have been increasingly explored, especially in response to
concerns about silicone-related particulate contamination [141]. Several alternative coating
technologies have been developed, including plasma coatings and hybrid polymer coatings, which
provide similar lubricating properties while minimizing the risk of interaction with sensitive drugs.
Much has been done in the field of internal lubrication of glass containers, like syringes. Regarding
the development of low-friction coatings for the external surface of vials, there are a few
alternative studies to date, which are mainly the subject of patents. These patents concern in
particular the formulation of polyimide-based coatings, fluoropolymer-based coatings, such as
polytetrafluoroethylene (PTFE), functionalized polymers with amino groups and multilayer
systems, incorporating materials such as silsesquioxane [patent US 11,737,951] [142]. These new
coatings have been formulated not only to increase lubricity but also to increase thermal

resistance to high temperature sterilization processes.
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2.4 Experimental Techniques

2.4.1 Deposition Methods from Solutions

The following paragraphs contain a synthetic description of the main experimental techniques
used to carry out this research activity. Each technique is presented through its basic operation
principles, with a focus on the specific instrumentations used to obtain the results presented in
the following chapters. Where necessary, the working conditions and experimental modalities
chosen to address the samples peculiarities (i.e. organosilane coatings on glass samples) are

discussed.

Dip-Coating

Dip coating is a straightforward, cost-effective, and high-quality deposition technique used in
both industrial and laboratory settings. The process involves immersing a substrate into a solution
containing the coating material, then withdrawing it to form a thin, uniform layer [143]. This
technique is ideal for applying aqueous-based coatings, where the solute adheres to the
substrate, and the solvent evaporates, leaving a dry film. The thickness and morphology of the
resulting film depend on several parameters, including immersion time, withdrawal speed,
number of coating cycles, solution concentration, density and viscosity, surface tension, substrate

characteristics, and drying conditions.

Figure 2.14 Schematic view of dip coating deposition in lab [143].
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The dip-coating process consists of four main stages, as outlined below and shown in Figure 2.14:
i.  Immersion: The substrate is fully immersed in the coating solution until completely
covered by the liquid.

ii.  Dwelling: The substrate remains submerged for a short interval to stabilize the liquid
contact with the surface.

iii.  Withdrawal: The substrate is gradually withdrawn from the solution, leaving a thin film of
coating material on its surface. During this stage, entraining forces retain the solution on
the substrate, while draining forces pull the liquid back into the bath. The balance between
these forces determines the thickness of the wet film.

iv.  Drying: The solvent evaporates from the deposited film, leaving a solid layer. At this stage,
the film undergoes chemical or physical transformations to finalize its structure and

properties.

In this study, soda-lime glass pieces and/or vials were coated by immersion in an agueous
organosilane solution at concentrations of 0.5%, 1%, and 2% by volume, using 50 mL beakers. The
samples were suspended in the solution using tweezers to ensure complete immersion, with
immersion times varying between 120 - 60 - 30 and 15 minutes. Following immersion, the samples
underwent a drying (curing) phase in an oven at 150°C for 2 hours. Prior to deposition, the glass
surfaces were prepared by ultrasonic cleaning in deionized water, acetone, and isopropanol to
ensure surface cleanliness. An oxygen plasma treatment was then applied to activate the glass
surface, as detailed in Chapter 2. In some cases, the samples were rinsed with deionized water
after immersion in the silane solution to remove excess material before the curing phase (Chapter
3). The immersion method was also used for lubricant deposition as described in Chapter 3. This
procedure allowed for controlled silane deposition, optimizing surface coverage and adhesion on

the glass substrates.
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Spray Coating

In recent years, spray coating has gained prominence as a low-cost, scalable technique for
depositing solution-processed thin films on large areas. This method, illustrated in Figure 2.15,
involves directing fine droplets of material onto a substrate using a carrier gas, allowing thin films
to conform to the shape of the surface. Spray coating is contact-free, making it adaptable to

various substrate materials and suitable for low-temperature applications [144].
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Temperature
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a) Substrate b)

Figure 2.15 Schematic representation of the spray coating process using different tools. a) process with airbrush system; b) spray
coating process with heated plate. Adapted from [143], [145].

The deposition process is influenced by complex fluid dynamics as droplets spread, splash,
coalesce, and interaction with other droplets upon impact with the substrate (see Fig. 2.16).
Factors such as surface roughness, permeability, and surface energy play significant roles in

droplet behavior and wetting properties.
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Figure 2.16 Impact modes of the droplets [146].
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Atomization, or the breakdown of liquid into micron-sized droplets, is achieved by applying

mechanical energy through a gas stream, which produces a spray pattern ideal for coating

uniformity. The dynamics of atomization and droplet impact affect the morphological consistency

of the resulting thin films. Key experimental parameters influencing film quality include [143]:

Nozzle Tip Speed and Flow Rate: The speed of the nozzle, its height above the substrate,

and the solution flow rate (FR) are critical in controlling the distribution and size of
droplets impacting the substrate. These factors collectively determine the thickness and

uniformity of the deposited layer.

Number of Spray Cycles: Increasing the number of spray cycles improves surface coverage

and enhances film thickness. Repeated cycles can smoothen the film by filling in any

defects from earlier layers, though this effect is also temperature-dependent.

Substrate Temperature: The substrate temperature affects film characteristics through its

influence on droplet evaporation, viscosity, and spreading dynamics. Higher temperatures
can lead to rapid solvent evaporation, limiting droplet spread. A balanced temperature
range is ideal, providing sufficient time for droplet coalescence while supporting rapid

solvent evaporation for a uniform film structure.

Nozzle-to-Substrate Distance: The distance between the spray nozzle and the substrate is

critical, as it depends on solution properties, droplet size, and substrate temperature.

Adjusting this distance optimizes droplet impact and film coverage.

Two different spray deposition systems were used in this study: a FENGDA airbrush model BD-

813 equipped with a HS-E550BLK spray booth, located at the CEITEC Institute in Brno, Czech

Republic, and a ND-SP Precision Spray Coaters, model - ND-SP 11/4, at the FunGlass Institute in

Trenéin, Slovakia, during two separate research periods abroad. A detailed analysis of the

experimental procedures conducted with these systems is presented in Chapter 4, which deals
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with the study of industrial scalability. The air-brush system used in the first case is operator-
dependent, while the spray system in the second case is an automated system equipped with a

heated plate, thus providing a closer simulation of the intended industrial deposition process.

2.4.2 Contact Angle Measurements

A key characteristic of a surface is its free energy, which can be evaluated by examining the shape
of a liquid droplet on the surface. This shape provides, in effect, a measure of the wettability of
the surface by a specific liquid. In fact, free energy and wettability are correlated: on surfaces with
higher free energy, the saturation of surface bonds is favoured, resulting in increased wettability.
The parameter of interest in these measurements is the contact angle 6 that is the angle formed

at the intersection of the liquid/gas interface and a solid surface (Fig. 2.17).

Vapor

Figure 2.17 A drop of water on an ideal solid substrate. Young contact angle (Gvoung) is determined by a balance of the horizontal
projection of the surface tension of the water along the solid surface (y cosOyoung) and interfacial tensions ys,and ys [147].

A lower contact angle indicates better wettability, while a higher contact angle suggests poorer
wettability. The contact angle reflects the degree of similarity between the interacting phases.
Depending on the contact angle's value, three main cases (see Fig. 2.18) can be distinguished
[148]:

e Good wetting occurs when 8<90°, indicating strong interaction between the liquid and

the surface.
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e Poor wetting is observed when 8>90°, meaning the liquid interacts weakly with the
surface.
e Absolute wetting or spreading takes place when no equilibrium contact angle is formed,

and the liquid spreads across the surface, forming a thin film.

20° 5

Figure 2.18 Different degree of wetting. Adapted from [149] .

The contact angle of water on solid surfaces is frequently used to assess surface hydrophilicity or
hydrophobicity. On extremely hydrophilic surfaces, a water-drop spreads completely, while large
water contact angles (8 > 90°) indicate hydrophobicity.

The relationship between the contact angle and the thermodynamic properties of the phases
involved is described by Young's equation (5):

Ysv=¥si
oS Oyoung = Ts (5)

where ysy, ysi and y are the interfacial energies of the solid/vapor, solid/liquid, and liquid/vapor

interfaces, respectively.
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One method for measuring the contact angle is the sessile drop method. This technique involves
analysing the shape of a liquid drop resting on a solid surface. The profile of the drop is captured
through imaging, and the contact angle is determined from the shape analysis. This method is
widely used for evaluating surface wettability and interfacial interactions.

In this study, a See System E/S by Advex Instruments—a portable, computer-based instrument
equipped with See System Software for Surface Energy Measurement—was employed to
measure the contact angle. This system was used to assess the effectiveness of surface activation
methods on glass substrates prior to coating deposition. Measurements were conducted
following plasma pretreatment (as discussed in Chapter 2) and after chemical cleaning methods
(detailed in Chapter 3). Additionally, as it will be shown in Chapter 3, this system was used to

verify the successful deposition of the coating.

2.4.3 Surface Morphological Characterization

2.43.1 SEM

Scanning Electron Microscopy (SEM) is a high-resolution imaging technique that enables the
detailed investigation of the surface of materials by scanning the sample with a focused beam of
high-energy electrons, typically generated from an electron gun [150], (see Figure 2.19). The
interaction between the electron beam and the atoms in the sample results in the emission of
various signals, such as secondary electrons, back-scattered electrons, and characteristic X-rays,
which are subsequently detected and used to produce detailed images and compositional

information (see Figure 2.20).
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Figure 2.19 Scheme of Scanning Electron Microscope [151].

These interactions provide valuable insights into the surface topography, composition, and other
properties of the sample, such as its electrical conductivity. Secondary electrons, with their lower
energy and high topographic sensitivity, are the primary signal used for surface imaging, offering
excellent spatial resolution. Meanwhile, back-scattered electrons provide contrast based on the
atomic number, making them useful for identifying compositional differences. Additionally, the
X-rays generated by electron bombardment can be analysed for elemental composition using
techniques such as energy-dispersive X-ray spectroscopy (EDS), allowing for quantitative analysis

of the sample elemental makeup.
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Figure 2.20 Electron-matter interactions [152].

To evaluate the homogeneity of surface features across the entire sample area, SEM analysis was
conducted on selected uncoated glass samples using a Zeiss Auriga Compact system equipped
with a field emission gun. To impart electrical conductivity to the surface, glass samples were
metallized with a thin layer of gold. SEM imaging using secondary electrons confirmed key surface
characteristics of the uncoated glass at the microstructural level. However, due to the thinness of
the coatings applied in this study, these layers were not clearly visible in the SEM images, likely
due to the additional gold coating required for conductivity. For morphological analysis at the
nanometric level, where higher resolution and surface roughness evaluation were essential and
could not be adequately captured by SEM, Atomic Force Microscopy (AFM) was employed. AFM
allowed for a more detailed investigation of the thin coatings and provided a precise evaluation

of the surface roughness, which could not be adequately captured by SEM.

2.4.3.2 AFM

Atomic Force Microscopy (AFM) is a type of scanning probe microscope introduced in 1986 by
Binning, Quate, and Gerber [153], which provides surface morphology information with
nanometric resolution. In essence, AFM operates by scanning a sharp tip attached to a cantilever

60



Development of a Surface Coating

across the surface of the sample being analysed [154]. The tip establishes interactions with the
atoms on the surface, allowing for the reconstruction of the surface profile and, consequently,
the morphology of the scanned area. AFM utilizes relatively strong forces that act between the
tip and the sample surface, which can range from Van der Waals and capillary forces to
electrostatic or magnetic interactions. The tip, which has a curvature radius on the nanometer
scale, is integrated into a cantilever (a small tip mounted on a flexible lever) that moves across
the sample's surface. This tip is deflected by the interactions occurring between the atoms of the
sample and those of the tip. The deflection is measured using a laser beam that is focused on the
back of the cantilever. The reflected laser beam is then detected by a set of photodiodes, sensitive

to two-dimensional positional changes (see Fig. 2.21).
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Figure 2.21 Schematic of an Atomic Force Microscope setup [155].

The forces between the tip and the sample atoms on the sample surface include both attractive
and repulsive forces. The resulting deflection of the cantilever is a direct measure of the force
acting between the tip and the sample surface. The variation of the force as a function of tip-
sample distance is represented in Figure 2.22, illustrating the interaction regimes encountered

during AFM measurements.
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Figure 2.22 (a): Force applied on the tip by the surface as a function of the tip-sample distance. (b): different operative modes,

contact-mode (1), non-contact mode (2) and tapping mode or intermittent contact mode (3) [156].

AFM can operate in several modes, each suited to different surface interactions and sample

characteristics.
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In contact mode, the tip remains in constant contact with the surface, and the cantilever
deflection is controlled by a feedback loop to maintain constant force, providing
topographical information. However, this continuous contact can generate lateral shear
forces, potentially damaging delicate samples by dragging atoms or molecules from the
surface, thus altering both the topography and the imaging conditions.

In tapping mode (or intermittent contact mode), the cantilever oscillates near its
resonance frequency, and the tip touches the surface intermittently, maintaining a
distance in the range of 1to 100 nm. The interaction between the tip and sample dampens
the oscillation amplitude, and a feedback system keeps this amplitude constant. Tapping
mode reduces sample damage by minimizing contact time and prevents inelastic surface
modifications, making it ideal for imaging delicate or loosely bound surfaces. It also
provides high-resolution information on surface topography and roughness.

Non-contact mode involves the tip hovering 5 to 15 nm above the surface, detecting long-

range attractive forces such as van der Waals forces. This mode eliminates the risk of
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sample damage but typically offers lower resolution due to the weaker interactions
involved. It is useful for imaging soft or highly sensitive materials.
Each mode offers distinct benefits depending on the sample's sensitivity and the desired
information, making AFM a versatile tool for nanoscale surface characterization.
For the surface topographic analysis of glass samples, Atomic Force Microscopy (AFM) was
conducted in tapping mode using a Dimension 3100 scanning probe microscope equipped with a
Nanoscope IVa controller (Bruker). Three types of AFM tips were employed: OTESPA-R3 from
Bruker, and PPP-NCR-10 (Tapping mode) and PPP-NCSTR-10 (Soft Tapping mode) from
Nanosensors, with spring constants of 2 N/m, 10-58 N/m, and 1.2 - 29 N/m, respectively. For the
characterization of coated glass samples, soft-tapping tips were specifically chosen to minimize
the tip-sample interaction on organic coatings, despite the operation being in tapping mode. This
approach was critical to preserving the integrity of the organic layers while ensuring high-

resolution imaging.

2.4.4 Surface Chemical Characterization

The surface characterization of glass substrates coated with organosilanes was carried out by two
widely employed techniques for this purpose which are Fourier-transform infrared spectroscopy
(FT-IR) and X-ray photoelectron spectroscopy (XPS). Both methods provide complementary
information, allowing for a comprehensive analysis of the chemical bonds, functional groups, and

surface elements.

24.4.1 FT-IR

Fourier Transform Infrared Spectroscopy (FT-IR) [157] is a highly sensitive technique used for
analyzing molecular vibrations and is widely employed in the characterization of organic-inorganic

coatings. Introduced in the 1980s [158], FT-IR involves the interaction of electromagnetic
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radiation in the infrared (IR) region with matter, providing information on molecular composition
through the absorption of specific photon frequencies. When a material is exposed to IR radiation
(in the 4000-200 cm™ wavelength region), its molecules absorb energy at specific wavelengths,
resulting in changes of their dipole moments. Some radiation is transmitted, while the rest is
absorbed, causing transitions from the molecular ground state to excited vibrational states. The
resulting spectrum captures these absorption events, producing a molecular fingerprint unique
to the sample, with peaks corresponding to the vibration frequencies of atomic bonds.

Each vibrational transition corresponds to an energy absorption at a specific frequency,
determined by the bond strength and atomic masses involved. The wave number v, directly
proportional to the vibration frequency, can be expressed as:

v=— [ (6)

2TWCAl U

where c is the speed of light, k is the bond force constant, and u is the reduced mass of the
involved atoms (Eg. 6).

The magnitude of the absorption peaks depends on the probability of energy transitions and on
the changes in dipole moments during molecular vibrations, but it is also influenced by several
other factors. For this reason the FTIR technique is mostly used to obtain qualitative data, though
reliable quantitative analysis is possible but not trivial to achieve.

FT-IR spectrometers utilize an interferometer, which allows the scanning of all frequencies of IR
radiation emitted by the source. This is achieved by using a movable mirror, which creates a
difference in optical path length, resulting in constructive or destructive interference with the
beam reflected by a fixed mirror. The resulting interferogram represents intensity in the time
domain (see Fig. 2.23). The Fourier transform is then applied to convert this into an IR spectrum,

which shows intensity (transmittance) as a function of frequency.
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Figure 2.23 FT-IR spectroscopy setup [159].

The IR spectrum typically displays wave numbers on the x-axis and the percentage of transmitted
radiation on the y-axis. It is divided into three key regions:
e Functional group region (3800-1300 cm™): Contains bands due to stretching and
deformation of functional groups.
e Fingerprint region (1300-650 cm™): Features bands unique to individual molecules,
resulting from the collective vibrations of the molecular skeleton.
e Far IR region (650-200 cm™): Contains bands associated with the stretching of heavy
atoms, deformations in groups without hydrogen, and skeletal vibrations.
In this study, the attenuated total reflectance (ATR) mode [160] was employed for analysing
coated glass samples and studying the hydrolysis time in solution for a particular type of
organosilane (section 3.2 of Chapter 3). ATR measures the total reflection that occurs at the
interface between the sample and an internal reflection element (IRE), typically made of an

inorganic crystal (see Fig. 2.24). Infrared rays penetrate the sample at this interface as evanescent
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electromagnetic waves. The penetration depth d of these waves is defined by the following

equation (7):

A

2mn,sin26-n,?2

(7)

where A is the wavelength of the incident radiation, @ is the angle of incidence, n1 is the refractive

index of the IRE, and nz is the refractive index of the sample.
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Figure 2.24 Schematic representation of the Attenuated Total Reflectance principle [159].

The penetration depth of ATR typically ranges from a few hundred nanometers to approximately
1 micron. As a result, the signal often represents both the interface and the near-surface layer of
the material.

In this study, two FT-IR instruments operating in ATR mode were employed: a Thermo Scientific
Nicolet S5PCFT-IR-ATR (diamond) spectrometer in the 4000-400 cm-1 interval, from the
Department of Chemistry at the University of Parma, and The Agilent Cary 630 FTIR spectrometer
with ATR sampling module, from IMEM-CNR in Parma. Specifically, the first instrument was
utilized to characterize samples coated with organosilane films, while the second was used to
investigate the hydrolysis time of organosilane in solution. A detailed account of these analyses

is provided in Chapter 3.
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2.4.4.2 XPS

XPS (X-ray photoelectron spectroscopy), on the other hand, is a highly surface-sensitive technique
that provides quantitative and chemical state information about the elements present on the
surface.

X-ray Photoelectron Spectroscopy (XPS), also referred to as Electron Spectroscopy for Chemical
Analysis (ESCA), is a surface analysis technique based on the photoelectric effect [161]. When a
material is irradiated with X-rays, core-level electrons can be ejected from the material with a
certain kinetic energy (Ek), which is then measured by the spectrometer (see Fig. 2.25). Knowing
the energy of the incident X-rays (hv, where h is the Planck's constant (h = 6, 62608 - 10-34 J:s)
and v is the frequency of the X-rays), the binding energy (E,) of the electrons can be calculated
using the equation (8):

hv=E,+E,+ ¢ (8)

where ¢ represents the work function, the energy required to free the electron from the material.
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Figure 2.25 Principle of X-ray Photoelectron Spectroscopy [162].

To ensure accurate measurements and avoid contamination of the sample or interference of X-
rays and electrons with gas molecules, XPS measurements are performed in ultra-high vacuum
(UHV) conditions, typically maintaining pressures between 107 and 1078 Pa. In XPS experiments,

X-rays are usually generated using aluminum (Al) or magnesium (Mg) anodes, producing
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characteristic Ka radiation with energies of 1486.6 eV and 1253.6 eV, respectively. To ensure X-
rays of a specific wavelength, a monochromator can be positioned between the X-ray source and
the sample. The emitted electrons are then directed into an electrostatic hemispherical analyser,
which consists of two hemispherical electrodes with applied voltages V1 and V; (see Fig. 2.26).
Electrons are repelled by V; and attracted by V1, and by adjusting these voltages, electrons with
different kinetic energies are able to reach the detector. An electron multiplier is typically used

as the detector to enhance the signal from the ejected electrons.
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Figure 2.26 Schematic setup of X-ray Photoelectron Spectroscopy. Adapted from [162].

X-ray Photoelectron Spectroscopy (XPS) is highly sensitive to the outermost surface layers of a
material. The majority of the detected signal originates from electrons emitted just a few
nanometers below the surface. This is due to scattering processes that occur as the electrons
travel through the solid, with only near-surface electrons having sufficient energy to escape into
the vacuum. The depth of information gathered is greatest when the detector is positioned
perpendicular to the surface. As the take-off angle, which is the angle between the surface normal
and the analyser, decreases, the depth of information also reduces.

XPS allows for the identification of elements based on the unique binding energies of their core-
level electrons. Every element in the periodic table, except hydrogen and helium, produces at
least one characteristic signal in the spectrum. In addition to elemental identification, XPS

provides insights into the oxidation state and chemical environment of the atoms. Generally,
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atoms with higher electron densities experience a lower effective Coulomb potential, resulting in
lower observed binding energies. The variation in binding energy due to differences in the
chemical environment surrounding the atoms is known as the chemical shift.

The surface composition of the coated glass samples prepared by dipping (paragraph 3.1) was
investigated by a hemispherical analyser model 10-360 and a monochromatic X-ray source model
10-610 by Physical Electronics. The instrument is hosted in an ultra-high vacuum (UHV) chamber
with base pressure lower than 5x10°® mbar and a load-lock system for fast sample entry. XPS
spectra were acquired using monochromatic AlKa photons of energy hv = 1486.6 eV;
photoemitted electrons were collected from a spot of approximately 100 um diameter. Due to
the insulating nature of the samples, an electron gun was used for charge neutralization during
the measurement. The binding energies (Eb) were calibrated by setting the maximum of the C 1s
line to 285.0 eV, that is suitable for adventitious carbon. All regions were fitted with an
appropriate number of Voigt functions.

The XPS analysis on coated samples by spray system (paragraph 4.2) was performed using the
Thermo Scientific™ Nexsa G2 X-Ray Photoelectron Spectrometer, an advanced surface analysis
system. The Nexsa G2 model features a monochromated, microfocused Al K-Alpha X-ray source
with an adjustable spot size ranging from 10 to 400 um, in 5 um increments. The analyser is a
180° double-focusing hemispherical analyzer equipped with a 128-channel detector, ensuring
high precision in spectral acquisition. The vacuum system consists of two turbo molecular pumps,
supported by an automated titanium sublimation pump and a backing pump, to maintain the
ultra-high vacuum required for XPS measurements. Depth profiling capabilities are provided by
the EXO6 monatomic ion source, allowing for detailed compositional analysis at varying depths

within the sample.

2.4.5 Mechanical Characterization

2.4.5.1 Scratch Analysis

The scratch test is a widely used technique for evaluating the adhesion and mechanical integrity

of coatings on various substrates. Initially developed in the 1950s [163] the scratch test works by
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moving an indenter across the surface of a specimen under a controlled load. It can work in two
mode, with a progressive load or constant load, creating a scratch that reveals information about
the coating's resistance to mechanical stress and its adhesion to the substrate. By the 1980s, the
scratch test was automated with advances that allowed for precise control [164], [165]. Modern
scratch test equipment often integrates optical microscopy with motorized stages, allowing
immediate visualization and correlation between load and observed failures and thus capable of
precise control and monitoring. The test is often performed using a diamond indenter, typically
shaped to a Rockwell C profile and a variety of radii, which allows for constant and repeatable

contact with the surface (see Fig. 2.27).
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Figure 2.27 Operational principle of the scratch test (a) and example of a commercial scratch tester (b) showing the video optical
microscope mounted next to the diamond indenter, as well as the XY translation stage that synchronizes the exact position
between the two [166].

The loads required to induce failures, known as critical loads Lc, are measured and analysed as
indicators of coating performance, providing a qualitative measure of coating adhesion and
durability. This progression of increasing stress provides a comprehensive view of how the coating
responds to mechanical loads of varying magnitudes, which is critical for applications where
coatings must withstand significant wear. To capture and analyse the coating response during
scratching, the equipment records multiple signals [166]:

o Fn: Applied normal load
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J Pp: Penetration depth

J AE: Acoustic emission signal

J Fr: Tangential force (or lateral force) signal

J u: Friction coefficient (usually a direct recalculation of the ratio of Fr/Fn).

The coefficient of friction, W, can signal critical failure events, particularly when friction changes
accompany transitions from one material layer (e.g., coating) to another (e.g., substrate). AE
signals, which arise from elastic waves during cracking or coating failure, require precise
synchronization with the indenter position for accurate interpretation. Friction force (Fr) and
penetration depth (Pp) further aid in identifying coating or substrate damage, although Pp
interpretation can be challenging, especially for samples with irregular surfaces or unknown
coating thicknesses. This technique is particularly valuable for testing the resilience of coatings
under realistic loading conditions and provides a comprehensive characterization of coating
performance, although there are still challenges in interpreting data from non-flat or transparent
substrates such as curved glass with transparent coatings. On curved surfaces, maintaining
uniform penetration contact is difficult, which can reduce reproducibility and accuracy.
Transparent coatings pose additional challenges for optical analysis, as cracks or delaminations
within the coating or at the interface may be indistinct, making it difficult to identify the source
of the failure and critical loads. Modern panoramic imaging and motorized XYZ stages partially
address these limitations by allowing precise tracking and high-resolution imaging of the entire
scratch path. Using sequential imaging and focal stacking, clear, in-focus images of the scratch
track are obtained, facilitating advanced analysis and allowing post-test adjustments to identify
the point of failure based on the recorded data.

In this study, we used two types of instrumentation. In the Chapter 4 scratch images of coated
soda-lime glass samples were analysed to assign critical loads to various types of surface damage,
with the aim of evaluating whether the presence of coatings conferred a protective effect on the
glass substrate by shifting the critical load Lc to higher values. For this purpose, a scratch tester
(CSM Instruments Revetest RST2, Anton Paar Group AG, Austria), equipped with a Rockwell type
“C” diamond indenter with a radius of 200 um, was used. Scratch tests were performed in a linear
progressive mode, starting with an initial load of 0.3 N and increasing to a final load of 10 N at a
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loading rate of 1.46 N/min. This configuration allowed a controlled and gradual application of
stress on the surface, facilitating the observation of progressive coating failure events and the
determination of critical load values associated with specific types of damage. For scratch
analysis, images captured by the instrument's integrated optical microscope were examined in
panoramic mode, allowing a complete overview of the scratch track and damage progression.
Subsequent high-resolution imaging was performed using a laser confocal microscope (Olympus
LEXT OLS5000 3D) to obtain a detailed view of the damage signs.

In chapter 3 we used a scratch tester that can operate in multipass mode, scratching the sample
back and forth a certain number of times. This instrument simulates the wear that is obtained
with the ball-on-flat tribometer that we will discuss in the next section. In particular we worked
with a Nano Scratch Tester (NST3) from Anton Paar, equipped with a High Load cantilever with
maximum normal force up to 1 N. The system is suited to the analysis of thin films and coatings
(with thickness lower than 1000 nm) and, thanks to a real-time feedback on the normal force
actuator, measurements can be performed also on complex surface geometries, like uneven or
curved samples. For this reason, the system is particularly suited to the characterization of the
surfaces of industrial glass vials. In particular, to gain insight into the frictional properties of the
surfaces, we combined the use of a friction module, essential for recording the tangential force,
to the multipass functionality of the NST3, that allows the realization and controlled repetition of
scratches (hereafter called “passes”) at constant normal load. We used a Zr,03 sphere with a 3
mm radius counterpart, normal load of 800 mN, speed of 1 mm/min, mark length of 0.2 mm along
the walls of the vial, accommodating the vial in a lying position. This kind of measurement allows
to evaluate the coefficient of friction along the scratch and its evolution as a function of the

number of passes, as it will be shown in Chapter 3.

2.4.5.2 Tribological Analysis

‘Tribometry is recognised as the comprehensive experimental approach within tribology, which
employs specific instruments called ‘tribometers’ to measure friction and wear on various
materials. The term ‘tribometer’ is derived from ‘tribos’, meaning friction, and ‘meter’, meaning

measurement, to denote its role in quantifying friction forces and wear rates. Evaluations of these
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forces and rates in different configurations follow standardised protocols [167]. Key
measurements, such as the coefficient of friction (COF), are determined by factors such as type
of movement, applied load, speed, test duration and controlled environmental parameters such
as humidity and temperature. These controlled settings allow for a realistic representation of
operating conditions, ensuring accurate calculation of COF [168] and wear track diameter,
essential indicators of contact conditions. Tribological tests generally involve the sliding or rolling
of a guided body against a static counter-body, classified according to the geometry of the
contact. Friction, as a force opposing movement, causes energy and power losses [169]. This force
is influenced by factors such as surface finish, material composition, dimensional tolerances,
operating temperature, material hardness and type of lubrication, solid or liquid. During
tribometer tests, the normal load (Fn) is applied through a sensor, while the tangential friction
force (Ft) is captured by a separate sensor. The motor rotates the substrate against a ball, creating
a sliding contact, where friction acts as a resistance between two surfaces, opposing movement
or displacement. The coefficient of friction (COF or u) is defined as:

pu=Ft/Fn (9)
where u is dimensionless and Ft is independent of the contact area (Eq. 9).

This coefficient depends on the object’s weight, dynamic forces in motion, surface finish, and
material type [170]. Experimental tests are generally classified by contact geometry, leading to
varied tribometer configurations. In this work, the ball-on-disk and linear ball-on-plate tribometer

configurations were used.

Ball-on-disk setup

The pin-on-disc tribometer, shown in the Figure 2.28, is designed to evaluate friction and wear
characteristics by allowing pins of different shapes, whether spherical, pointed or flat, to interact
with a rotating disc. The disc holder fixes discs of various sizes and shapes, while the pin maintains
a stable contact point on the disc surface. Typically, this configuration includes a motor-driven
spindle and mandrel to rotate the disc, a lever arm to hold the pin in place, and mechanisms to

apply a controlled load by forcing the pin against the rotating disc (see Fig. 2.28). In other
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configurations, the pin rotates around the centre of the stationary disc. In both cases, a circular

wear track is produced that results in several passes over the same area [171].

Figure 2.28 Typical ball-on-disk setup, where F is the normal force applied on the ball, r is the ball radius, and R is the radius of

the wear track [172].

Under operation, the desired normal load is applied to the pin of the tribometer, while the speed

is controlled via the stage. The arm of the tribometer measures the tangential friction force and

transmits the data to a controller via integrated sensors. The controller processes this

information, displaying the friction coefficient over time on a computer interface.

The test parameters are:

Load: Force in Newtons applied at the wear contact point.

Speed: Relative sliding speed between contacting surfaces, measured in meters per
second.

Distance: Total sliding distance accumulated over the test, in meters.

Temperature: Temperature at the contact area, either on one or both specimens, near the
wear interface.

Atmosphere: Environmental conditions surrounding the contact point, such as laboratory

air, controlled humidity, inert gas (e.g., argon), or a lubricant film.

Ball-on-flat setup

The ball-on-flat tribometer configuration involves: a flat test specimen and a spherical

counterface, herein referred to as the ‘ball’, sliding on the flat surface in a linear, alternating
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motion under controlled conditions. As illustrated in Fig. 2.29, the alternating ball-on-flat test
configuration places the ball with the spherical tip in rigid contact, moving back and forth on the
flat specimen. An alternative configuration, in which the flat specimen moves while the ball
remains stationary, can also be used [173]. A mechanism is included that applies a constant
normal load to the contact area between the ball and the flat surfaces. As the contact oscillates,
the tangential force is continuously recorded, allowing the calculation of the coefficient of

friction.

LOADING ARRANGEMENT
(Normal Force)

BALL SPECIMEN

FLAT SPECIMEN
ROLLER

HOLD-DOWN

OSCILLATING DRIVE
LUBRICANT BATH -—

LUBRICANT LEVEL
(when used)

FRICTION FORCE - - -
TRANSDUCER

; e g

(2 strokes =1 cycle)

Figure 2.29 Scheme of ball-on-flat friction test setup [173].

The test records friction forces, providing indications of changes in contact conditions or
fluctuations in the kinetic friction coefficient over time. Due to the alternating nature of the
movement, both sliding velocity and direction vary during the test, preventing constant velocity
conditions. The pattern of velocity variation depends on the specific mechanism used to guide
the ball or flat specimen in its oscillatory motion. Other parameters include normal load, stroke
length, frequency and type of oscillation, test temperature, presence of lubricant (if any), test

duration and surrounding atmosphere (with controlled humidity levels, if necessary).

Tribological tests were conducted using two types of instrumentation. A CSEM high-temperature
tribometer (Alpnach, Switzerland) in a ball-on-disk configuration was utilized at the STEMS-CNR
Institute in Torino to perform mechanical characterization on coated glass samples prepared by

75



Development of a Surface Coating

the dip-coating method (Chapter 2). Additionally, a Bruker TriboLab UMT device in a ball-on-flat
configuration, located at the Department of Engineering Technologies and Materials at Alexander
Dubcek University in Trenéin, was employed to characterize coated glass samples prepared via

the spray-coating method (Chapter 3.2).

2.4.5.3 Tilt -Table

The Tilt Table apparatus is designed to evaluate the sliding angle, providing an indirect measure
of the friction coefficient of coated glass containers. In this apparatus, three containers are
arranged in a pyramidal configuration on the table surface. When the test starts, an electric motor
gradually tilts the table, increasing the angle of inclination. The two lower containers are held in
place, remaining stationary for the duration of the test. When the tilt angle reaches a point
sufficient to overcome the friction forces involved, the upper container begins to slide, coming
into contact with a stop bar. At this point the motor stops and the table stabilised to prevent
further unintended movements that could lead to inaccurate readings. The measured angle is

then called the “sliding” angle.

2)

-‘\\ Sliding
| Angle

3)

Figure 2.30 On the left: Tilt-Table instrument from Bormioli Pharma S.p.A. plant in Bergantino (Italy); on the right: a schematic
representation of the mechanism of sliding angle evaluation.
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The sliding angle tests were conducted using Agr Tilt-Table instrumentation (see Fig. 2.30), at the

Bormioli Pharma S.p.A. plant in Bergantino on coated glass vials (Chapter 3).
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3. Experimental Dipping Deposition

This Chapter is divided into two main sections (3.1 - 3.2), each addressing a different approach to
organosilane-based coatings deposited via immersion. The first section focuses on the deposition
of an aminosilane used as a primer to anchor the lubricant onto the glass surface, while the second
section explores the deposition of a different type of organosilane, tested as a single-component
coating to evaluate its potential lubricating effect on the glass. These two strategies represent
distinct approaches to the development of anti-friction coatings for pharmaceutical glass vials.
Each section is systematically organized, beginning with the description of the materials and
methods used in the experiments, followed by surface preparation and deposition procedures, and
concluding with the presentation and discussion of the results obtained. For both the aminosilane
primer and the single-component silane coating, morphological and chemical characterizations
were performed on the coated glass surfaces and the results were related to the deposition
parameters. In particular, for the study of the aminosilane as a primer, deposition parameters
such as post-deposition step, concentration and immersion time were explored in detail. Following
chemical and morphological analysis, mechanical characterizations were conducted to assess the
performance of the coatings in terms of their friction-reducing properties. In the case of the
aminosilane-primer, mechanical tests were performed after the application of the lubricant on top
of the primer, allowing for an evaluation of its effectiveness in anchoring the lubricant on the glass
surface. Conversely, for the single-component organosilane coating, mechanical tests were
conducted directly on the glass coated solely with the silane to determine whether this coating
alone could provide sufficient lubrication without the need for an additional lubricant layer. This
dual approach enables a comprehensive comparison of the two coating strategies, providing
valuable insights into their potential for industrial application in the pharmaceutical packaging
sector.

As presented below, not all the materials investigated in this study were subjected to the same
series of analyses, either in terms of chemical characterization or mechanical testing. This decision
was guided by a combination of scientific priorities and practical considerations. The specific
research objectives played a pivotal role in shaping the analytical approach for each material.
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The work conducted on the aminosilane primer was significantly more extensive compared to that
on the single-component coating. This was primarily due to its role as a primer, which necessitated
a more thorough investigation of its chemical and physical properties. In contrast, for the single-
component material, the research emphasis was placed on exploring its potential lubricating
effects, which required a different methodological approach. Furthermore, the availability of this
material occurred during the final stages of my doctoral research, which inherently constrained
the scope of its analysis. Consequently, the study on the single-component coating will be further
developed as part of the continuation of my research.

This approach reflects the balance between the scientific goals of the study and the practical
constraints encountered during the research process. It also allowed for a more focused and
manageable set of analyses, tailored to the specific characteristics and research objectives

associated with each material.

3.1 Aminopropylsilsesquioxane Primer

3.1.1 Materials and Methods

Substrates: All the substrates used to carry on this activity consist of soda-lime-silicate (SLS) glass
produced by Bormioli Pharma S.p.A. accurately chosen from Type Il and Type Il glass vials (the
differences between Type Il and Type lll are discussed in detail in Section 1.1.1, page 8) without
the external standard coating usually provided by the industry. In particular:
e SLS glass pieces sourced from 500 mL vials were used for surface characterization of the
glass coated with primer;
e SLS vial bottoms from 20 mL vials were employed for tribological testing in ball-on disk
mode;
e whole 20 mLSLS vials were used for tribological testing in multipass mode and mechanical

measurements with the tilt-table method.
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Chemicals: Waterborne Aminopropylsilsesquioxane (Figure 3.1), acommercial product purchased
from Gelest - Mitsubishi Chemical Group, was used as the silane primer in aqueous solution. As a
lubricant, a macrogol stearate - a mixture of mono- and di-esters of stearic and/or palmitic acid
with macrogol (Figure 3.2), was employed in aqueous solution. The commercial name of the

lubricant is omitted for reasons of confidentiality.
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Figure 3.1 Aminopropylsilsesquioxane in aqueous solution, Gelest[114].
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/\/\/\/\/\/\/\/\)J\()H

STEARIC ACID Cy5 Hzs O,

Figure 3.2 Mixture of macrogol stearate components used as a lubricant.

3.1.1.1 Surface Preparation

These substrates underwent chemical cleaning through sonication in deionized water,
isopropanol, acetone and isopropanol in sequence. Each step lasted 2 minutes and all processes
were conducted at room temperature; the final step consisted in air-drying. After cleaning and
immediately prior to immersion in the silane solution, the samples were treated with oxygen
plasma for 5 minutes at a power of 40 W using a plasma cleaner (Femto, Diener electronic,

Germany) to expose hydroxyl (OH) groups on the glass surface (see paragraph 2.2.3).
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3.1.1.2 Primer Deposition

The silane coatings were deposited as follows: clean and activated glass samples were immersed
in an aqueous solution of aminopropylsilsesquioxane at a concentration C, stirred gently for a
duration t, and subsequently either left unrinsed or rinsed in deionized water for 10 minutes
under stirring. Then all samples were cured at 150°C for 120 min in a non-ventilated oven. After
curing, the samples, once cooled, were stored in a desiccator for no longer than 2 weeks. Within
this time the samples were characterized, beyond this period, if necessary, new samples were
prepared with the same deposition parameters. Taking advantage of the assessed reproducibility
of the process, this procedure allowed us to account for undesired aging and weathering effects
on the coating properties. Table 1 provides a comprehensive summary of the parameters used in
this study. In addition to the treated samples, reference glass samples that did not undergo the

silane coating deposition were also analysed for comparison.

Table 1. Representative samples of primer-coated glass and parameters used for deposition. C is in volumetric concentrations.

Sample C (%) Dipping t (min) Rinsing
Samplel 1 120 no
Sample2 1 120 yes
Sample3 0.5 120 yes
Sample4 0.5 60 yes
Sample5 0.5 30 yes
Sample6 0.5 15 yes

3.1.1.3 Primer-Lubricant Coating Deposition

A second set of samples was prepared using same deposition parameters of Table 2, for the
primer application. Immediately after the primer-polymerization phase, we kept the samples at
120°C and immersed them in a 0.1% aqueous lubricant solution for 30 seconds, and then dried

them in air. In this way we simulated the industrial application procedure that involves spraying
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the lubricant on the vials when these have a temperature between 120 and 80°C, but with dipping

method.

Table 2. Representative samples of primer/lubricant coated glass and parameters used for deposition, analysed by mechanical
techniques. Ref. is uncoated glass sample as a reference. Cis in volumetric concentrations.

Sample C (%) - Primer Dipping t (min) Rinsing Lubricant
Ref.

SLS + Lubri yes

Sample 3 + Lubri | 0.5 120 yes yes

Sample4 + Lubri | 0.5 60 yes yes

Sample5 + Lubri | 0.5 30 yes yes

Sample6 + Lubri | 0.5 15 yes yes

3.1.2 Results and Discussion

3.1.2.1 Surface Activation Evaluation

As mentioned in section 2.2.3, the activation of glass surface results in an increased surface
wettability. The effective activation of sample surfaces was assessed by measuring the contact
angle, which was significantly reduced (6 < 5°) following plasma treatment, compared to the
contact angle measured on glass subjected only to chemical cleaning (6 = 72,6°), as shown in
Figure 3.3. This reduction in contact angle indicates a substantial improvement in surface

hydrophilicity after plasma treatment.

82



Experimental Dipping Deposition

0<5°

Figure 3.3 Images of contact angle measurement on SLS glass after chemical cleaning on the left and after plasma treatment on
the right. The angle is captured by LB-ADSA method with ImageJ software.

The same chemical cleaning and surface activation procedure was applied to the vials and vial

bottoms used for mechanical characterization.

3.1.2.2 Surface Characterization

In this section, we present the results of the morphological and chemical characterization of
curved glass samples coated with aminosilane - primer, applied using different deposition
parameters (see Table 1). A relevant part of the activity involved the morphological
characterisation of the uncoated glass. The surface morphology of glass samples from industrial
vials is often affected by the presence of uncontrolled micrometric defects attributed to the
ageing process during storage [174] or, in the case of Type Il vials, to uncontrolled contamination
during internal treatments [175]. This latter effect, in particular, is caused by a leakage of harsh
gaseous compounds from the vial opening during internal treatment procedure and may cause
the presence of voids non-homogeneously distributed on the vial surface, with a larger density
close to the vial shoulder and upper body. The results of AFM/SEM analysis of a large number of
uncoated samples derived by different vials confirmed the presence of this peculiar morphology;

in Fig. 3.4 we show both a surface without defects and a surface with a large number of defects
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consisting in voids with depths a few nm and widths ranging from tens to hundreds of nm (Fig.

3.4).
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Figure 3.4 AFM/SEM images of uncoated glass samples derived by different vials of same Type and size (Type Il, 500ml). Top:
from left to right, AFM image of uncoated glass without defects, AFM image of uncoated glass with voids, SEM images captured
with 45° tilt-angle of uncoated glass with voids. Bottom: Depth voids-profiles of the second AFM image on the top.

This analysis was necessary in order to understand how to correctly evaluate the morphology of
the coatings and to differentiate it from that of the underlying glass substrate. In addition, in order
to support our evaluations on AFM analysis of coated surfaces, as it will be discussed in detail in
the following sections, the presence of the coating has been consistently confirmed through

chemical analysis of the surface, including FT-IR spectroscopy and, most conclusively, XPS

spectroscopy.
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Figure 3.5 AFM images (left) of clean uncoated glass and (right) of Sample 1, glass coated with 1% aminosilane for 2 hours.

Figure 3.5 shows the AFM images of an uncoated glass sample and of Sample 1 (coated with
aminosilane 1% for 2h) a change in morphology and an increase in roughness can be observed in
the case of the coated sample. In the latter case, the Ry (root mean square roughness) was 0.25
nm compared to 0.16 nm for the uncoated glass. Ry values are calculated over the entire image
area or over smaller areas (as shown in Fig. 3.5 with the area dashed in red) if voids, defects or

contaminants are present as in this case for the uncoated glass sample.
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Figure 3.6 FT-IR spectra of uncoated glass in violet and coated glass (Sample 1) in red.
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Analysing the surface of both coated (Samplel) and uncoated glass through FT-IR spectroscopy,
several characteristic peaks were identified in each sample. For both the coated and uncoated
glass (red spectrum and violet spectrum respectively in Fig. 3.6), two key regions are evident: the
600-740 cm™ range, which corresponds to the Si-O bending mode [176] associated with the glass
substrate, and the 950-1250 cm™ range, which includes the Si-O-X modes [89], [118]. The Si-O-X
region encompasses the Si-O-Si peaks, typically found around 1045 cm™, which are associated to
siloxane groups. These peaks can originate from three sources: (i) the glass surface, (ii) silane
molecules condensed onto the glass, and (iii) self-condensed silane molecules. As a result, it was
concluded that the peaks in the range below 1250 cm™, don’t allow to clearly distinguish the
contributions of the glass substrate from those arising from the silane coating. To obtain this
result, we focus the attention on the peaks that are present only in the FTIR spectrum of the
coated glass and are absent in the uncoated sample. Specifically, new peaks appear in the 1500-
1600 cm™ range, associated with amino groups, and in the 2850-2990 cm™ range, corresponding
to alkyl chains from the silane coating. Notably, a peak at approximately 1568 cm™ is observed,
which is attributed to the NH, scissor vibration, confirming the presence of NH, terminal groups.
Additionally, a peak at 1490 cm™, likely related to the symmetric deformation of -NHs*, and a
small peak at around 1610 cm™, associated with the asymmetric deformation mode of -NHs* [89],
were identified. In the region between 2850 and 2960 cm™, peaks corresponding to the C-H
stretching of propyl groups, originating from the alkyl chains in the silane molecules, are
observed.

Other less intense bands appear exclusively in the spectrum of the coated glass. One is located
between 3600 and 3700 cm™, which could correspond to O-H stretching (likely due to adsorbed
water). The N-H stretching mode from amine groups typically appears around 3300 cm™, though
it is generally very weak, particularly in the case of very thin coatings, due to its small dipole
moment [89]. Additionally, a minor band between 1300 and 1450 cm™', probably related to the
CH, and Si-CH; bending modes [177], [178] from the propyl chain backbone was detected.

These results confirm the presence of the silane coating on the glass surface, as indicated by the
appearance of peaks corresponding to amino and alkyl functional groups. The characteristic peaks
of the amino groups, in particular, validate the successful attachment of the aminosilane onto the

86



Experimental Dipping Deposition

glass surface, while the alkyl chain signals further corroborate the presence of the coating.
Summarizing the results of these characterizations, we showed that aminosilane coated glass
samples are characterized by a rougher surface with respect to an uncoated one and that the
functional groups of the aminosilane coating give rise to FTIR peaks clearly distinguishable from
those of the glass surface. Starting from this evidence, we show in the following the

characterization results obtained by varying the coating deposition parameters.

The Effect of Rinsing

We investigated the effect of rinsing in deionized water immediately after immersion and before
curing, by comparing rinsed (Sample2) and unrinsed coated surfaces (Samplel).

As mentioned at the beginning of this section, AFM measurements of glass vial samples are often
complicated by the presence of substrate defects. As shown in Figure 3.7, Sample 2 presents a
distribution of voids of considerable depth as compared to the roughness of the coating; we
attribute these defective morphologies to the underlying glass surface. As can be seenin Fig. 3.7,
it was possible to measure the roughness in the areas between the voids (dashed in red), and it
was comparable to that observed in the unrinsed coated glass samples (R; = 0.25 nm). We note
here that the voids are not completely covered by the silane coating, this suggests that the
thickness of the coating should be limited to a few nm, an evaluation that will be supported also

by the results of further analyses shown in the following.
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Figure 3.7 AFM images of unrinsed coated glasses (Sample 1), first on the left, and of rinsed coated glasses (Sample 2) at center
and right.
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Comparing the spectra of Sample 1 (unrinsed, red in Fig. 3.8) and Sample 2 (rinsed, pink in Fig.
3.8) with that of the uncoated glass (violet in Fig. 3.8), it is evident that the N-H bending band in

the 1500-1600 cm™ region disappears in the rinsed coated glass.
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Figure 3.8 FT-IR spectra of uncoated glass in violet, unrinsed coated glass (Sample 1) in red, and rinsed coated glass (Sample2) in
pink.

However, the band corresponding to the propyl chain, along with the two low-intensity bands
between 3600-3700 cm™ (O-H water adsorbed) and 1350-1450 cm™" (CH,/ Si-CH; bending modes),
remain visible, as observed in Sample 1. The presence of the coating is confirmed by the peaks
related to the alkyl groups, which are absent in the spectrum of the uncoated glass. The amino
groups, on the other hand, may be present in quantities too low to be detected by the instrument,
unlike the C-H groups from the alkyl chains. This discrepancy is likely due to the fact that the C-H
groups are approximately three times more abundant than NH, groups in aminosilane molecules.
These results suggest that rinsing in water, a post-treatment typically employed to remove
physisorbed molecules prior to the curing step [94], [179], reduces the amount of coating
molecules adsorbed on the glass surface. The disappearance of the N-H modes after rinsing

indicates a partial removal of amino-functional silane molecules, while the persistence of the alkyl
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peaks confirms that some coating remains on the glass substrate. A similar trend was evident in

the XPS results.
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Figure 3.9 Typical XPS survey spectrum of APS molecules adsorbed on silicon substrate [180].

Typical XPS survey spectrum, for aminosilane-coated glass surfaces, shows characteristic peaks
for nitrogen (N), oxygen (O), carbon (C), and silicon (Si), with the nitrogen and carbon peaks
attributed to the aminosilane molecules deposited on the surface and the silicon and oxygen
peaks originating mainly from the underlying glass substrate (as shown in the Figure 3.9 of a
reference spectrum for aminopropylsilane — APS, on silicon substrate).

High-resolution XPS spectra in the C 1s and N 1s binding energy regions provide additional
information on the chemical composition of the surface.

The C 1s spectrum typically shows three distinct peaks related to different contributions: one at
285.0 eV, corresponding to C-C and C-H bonds, another at 286.0 eV representing C—N bonds, and
a peak at 289.0 eV, which can be assigned to the O-C=0 groups. The N 1s spectrum generally
shows two peaks: one at 399.5 eV, which indicates free amino groups (-NH;), and another at
401.5 eV, which represents protonated amino groups (-NHs*). In the analysis of XPS spectra,

special attention is paid to the C-N, -NH, and -NHs* peaks, since these peaks can only be
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attributed to the coating and therefore their presence allows us to monitor changes in the

chemical state of the aminosilane molecules adsorbed on the glass surface.
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Figure 3.10 XPS survey spectra of unrinsed coated glass (Samplel) in green, and rinsed coated glass (Sample 2) in blue.

By analysing the peak intensities of the survey XPS spectra for Sample 1 (green in Fig. 3.10) and
Sample 2 (blue in Fig. 3.10), it becomes evident that the O 1s and Si 2p components are
anticorrelated with the C 1s and N 1s components. Specifically, in Sample 2—which differs from
Sample 1 due to the addition of the rinsing step—the O 1s and Si 2p signals increase, while the C
1s and N 1s signals decrease.

Sodium (Na in Fig. 3.10), aluminium and magnesium (Al2p — 74-75.5 eV and Mg2s — 88-90 eV in
Fig. 3.11), appear in the spectrum of Sample 2 but are not evident in Sample 1. These elements
are the typical lattice modifiers of soda-lime-silica glass, so we attribute these signals to the glass
substrate; as a reference, a typical XPS spectrum of soda-lime glass is reported in Figure 3.12 in
which the signals relating to the lattice modifiers of this glass, such as sodium, aluminium,

magnesium and calcium are clearly visible.
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Figure 3.11 XPS spectra of Al and Mg contents in uncoated glass in black, unrinsed coated glass (Samplel) in green, and rinsed
coated glass (Sample 2) in blue, from bottom to top respectively.
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Figure 3.12 Representative survey spectrum of the surface of soda—lime—-silica (SLS) glass [181].

As we already mentioned, while the O 1s and Si 2p peak intensities increase in Sample 2, the
nitrogen and carbon signals are reduced as compared to Sample 1 (Figure 3.13). Notably, the

nitrogen spectrum for Sample 2 shows a significant decrease in the protonated amino component
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around 399 eV. Similarly, in the carbon spectrum, the component around 286 eV, corresponding

to the C-N bond, is also reduced.
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Figure 3.13 C 1s (left) and N1s (right) spectra of unrinsed coated glass (Samplel) in green, and rinsed coated glass (Sample 2) in
blue.

The decrease in the intensity of nitrogen and carbon signals indicates that fewer molecules
remain on the surface after rinsing. At the same concentration, pre-polymerization rinsing with
water plays a crucial role in determining the structure of the siloxane network and the molecular
orientation of the aminosilane on the substrate. Protonated amines can arise from two possible
mechanisms: (i) in the internal layers, the amino group can interact with the silanol groups
present on the glass surface, as reported by several studies [179]. However, other research
suggests that the initially adsorbed layers are typically denser and more tightly packed and are
therefore rich in free amines, which are not involved in intermolecular hydrogen bonding; (ii)
cyclic structures with an internal hydrogen-bonded ring (Fig. 2.9), tend to form in the weakly

bonded layers of the "grid-like" siloxane network [120], as shown in Figure 3.14.
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Figure 3.14 Model of three-dimensional poly(aminosilane) possible structure of chemical-bonded and weakly-bonded layers in
the siloxane network; the cross-linking density tends to decrease with increasing stratification, as shown in the figure by the
arrow and the gradient from red (high-density) to yellow (low-density. Adapted from [120].

Physisorbed layers, in addition, typically exhibit a high percentage of free amine groups [117].
Thus, in the case of long-term deposition with relatively high organosilane concentration, it is
possible that the higher percentage of these cyclic structures is caused by a lower degree of
condensation between the molecules of the outermost physisorbed layers, and that this is
eliminated by rinsing.

Summarising the results, we conclude that the rinsing step doesn’t significantly affect the
roughness of the coated surface, but it is effective in eliminating the outermost layers of the
coating, presumably composed by physisorbed molecules; thanks to this process, rinsed coated
surfaces expose a larger ratio of free-to-protonated amino groups as compared to unrinsed

coated surfaces.

The Effect of Aminosilane Concentration

Another parameter investigated was the silane concentration, with a comparison made between
samples coated with 1% (Sample 2, Fig. 3.15 same as Fig. 3.7-right, reported here to favour the

comparison) and those coated with 0.5% (Sample 3, Fig.3.16) silane solution.
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Figure 3.16 AFM images of glass coated with 0.5% of aminosilane (Sample 3) obtained on different pieces of glass vials.

The AFM images of Sample 3 revealed the presence of voids in some instances, while in others,
voids were absent (Fig.3.16); on both images of Fig 3.16, the surface roughness, R; = 0.29 nm,
was found to be comparable. This roughness value is also similar to that of the sample coated

with 1% silane (Rq = 0.29 nm), though it shows a slight increase in comparison to the latter.
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Figure 3.17 FT-IR spectra of uncoated glass (blue), and of glass coated with 1% aminosilane (green), and with 0.5% aminosilane
(red).

FT-IR spectra of Sample 2 (1%) and Sample 3 (0.5%) show similar bands and peaks, as shown in
Figure 3.17. In both Samples, the peaks associated with the alkyl chains (2850-2990 cm™™) of the
silane molecules are clearly present and confirmed the presence of the coating. However, the
peaks corresponding to the amino groups are not detectable in either sample, probably due to
the sensitivity limitations of the instrument, as mentioned above for Sample 2. For more detailed

considerations, XPS analysis proved to be very useful.

XPS analysis of Sample 3 (lower concentration) revealed a significant decrease in the signals from

the glass substrate, particularly for Na (Fig. 3.18), Al, and Mg (see Fig. 3.19), as compared to
Sample 2.
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Figure 3.18 XPS survey spectra of 1% coated glass (Sample2) in blue, and 0.5% coated glass (Sample 3) in pink.
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Figure 3.19 XPS spectra of Al and Mg contents in uncoated glass in black, 1% coated glass (Sample2) in blue, and 0.5% coated
glass (Sample 3) in pink, from bottom to top respectively.

In contrast, the nitrogen and carbon signals increased (see Fig. 3.20). The carbon spectrum of
sample 3 showed an increase in the C-N content at 286 eV, together with other components that
are difficult to distinguish from adventitious carbon. The nitrogen spectrum of Sample 3 showed

adominant peak at 399 eV corresponding to free amines, as well as an increase in the peak related

to protonated amines.
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Figure 3.20 C 1s (left) and N1s (right) spectra of 1% coated glass (Sample2) in blue, and 0.5% coated glass (Sample 3) in pink.

The molecular sizes of silanol oligomers formed in solution vary depending on the concentration,
which in turn affects their adsorption to the hydroxyl groups on the glass substrate [119]. In a
lower concentration solution, there are likely fewer large oligomers, allowing for better surface
coverage. Additionally, the larger presence of zwitterionic species on the sample coated with the
lower concentration may be explained by the fact that smaller molecular species are more prone
to form cyclic structures in the outermost layers of the siloxane film, due to reduced steric
hindrance. An important finding is that, at a lower silane concentration, the glass surface is more
thoroughly covered, while the number of free amino groups remains predominant.

XPS analysis is particularly useful in investigating the surface chemistry of coated glass compared

to FT-IR, which is less sensitive, especially when dealing with very thin coatings. Therefore, it was
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decided to analyse the samples coated with a 0.5% concentration and shorter immersion times

directly using XPS spectroscopy.

The Effect of Dipping Time

AFM measurements for samples treated with 0.5% silane and different times, 120 minutes
(Sample 3) — 60 minutes (Sample 4) - 30 minutes (Sample 5) - 15 minutes (Sample 6) and final
rinsing step, revealed a consistent trend of roughness reduction on the nanometric scale, ranging
from 0.29 nm for Sample 3 to 0.19 nm for Sample 6 (Figure 3.21). This reduction in roughness can
be attributed not only to a decrease in the thickness of the silane film but also to the formation

of denser and more well-organized layers.
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Figure 3.21 AFM images of 0.5% coated glass for 2 hours (a), 1 hour (b), 30 minutes (c) and 15 minutes (d). Rq (a) = 0,29 nm; (b) =
0,22 nm; (c) =0,24 nm and (d) = 0,19 nm.
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With an immersion time of 5 minutes the coated samples exhibited higher roughness compared
to samples with longer immersion times. In this case, the increased roughness could be linked to
the molecular organization of the layers rather than to the coating thickness, suggesting that
during the initial phase of molecule adsorption, the resulting layers are less compact. Additionally,
the surface morphology of this sample appears significantly different, as illustrated in Fig. 3.22,
further indicating that 5 minutes as immersion times may lead to less organized and more

irregular coating structures.

T 3.00nm

2,50

Figure 3.22 AFM image of 0.5% coated glass for 5 minutes, Rq = 0,28 nm.

Results obtained suggest that immersion time plays a key role in controlling the morphology and
organization of the silane coating [89].

XPS analyses of Samples treated with different immersion time, showed that the signals coming
from the glass substrate, almost completely covered in the case of the 2h time, become

detectable for progressively shorter times (as shown in the full spectra Fig. 3.23).
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Figure 3.23 XPS survey spectra of uncoated glass in black, and 0.5% coated glass for 2h (Sample3), 1h (Sample 4), 30 min
(Sample 5) and 15 min (Sample 6, from bottom to top respectively.

The carbon and nitrogen spectra revealed an increase in the intensity of the corresponding peaks
with increasing immersion time, compared to the uncoated glass reference spectrum. Specifically,
the peak at 286.6 eV, attributed to the C-N bond, showed a consistent increase, with the
exception of the 1-hour immersion, where a slight decrease in intensity was observed as
compared to the 30-minute immersion (see C 1s spectrum in Fig. 3.24). Similarly, the N 1s
spectrum exhibited a gradual increase in nitrogen content as the deposition time increased. In
particular, at the longest immersion time, the zwitterionic component of the protonated amines
became evident, with an emerging peak at 401.1 eV, in addition to the enhancement of the peak

at 399 eV of the unprotonated amines (see N 1s spectrum in Fig. 3.24).
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Figure 3.24 C 1s (left) and N 1s (right) spectra of uncoated glass in black, and 0.5% coated glass for 2h (Sample3), 1h (Sample 4),
30 min (Sample 5) and 15 min (Sample 6, from bottom to up respectively.

Between 15 and 30 minutes, a slight increase in carbon and nitrogen content is observed,
suggesting the formation of initial high-density layers during this early phase of adsorption. This
could be attributed to a predominant horizontal polymerization component, with only a small
fraction of the physisorbed molecules being effectively removed during the rinsing process. For
these immersion times, the absence of protonated amines may be due to the fact that in denser
layers, the molecular chain ends are too short to enable sufficient internal hydrogen bonding,
preventing the formation of zwitterionic species at this stage [120]. As immersion time increases,
vertical polymerization becomes more significant, leading to an increase in both the weakly-
bound and physisorbed layers. At 120 minutes, there is a notable increase in the carbon and
nitrogen signal, as well as in the protonated amine component. The growth of the intermediate
weakly-bound layer and physisorbed molecules, probably not completely removed, thereby
increased the overall carbon and nitrogen content. Since this intermediate layer is less dense than
the layer closest to the substrate, it is likely to be characterized by a larger zwitterionic

component, with protonated amino groups. In particular, within the three-dimensional network,
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these cyclic structures are more likely to form at the ends of the polymer network, which are free
to adopt the most stable hydrogen-bonded configurations. In contrast, in the rest of the polymer
network, free NH, groups are likely to remain oriented perpendicular to the glass surface [120].
Additional physisorbed molecules accumulate on top of this intermediate layer, although some
are partially removed during the rinsing process.

It is evident that, for all immersion times, the predominant nitrogen peak is the one at 399 eV,
corresponding to free NH, groups. This suggests that, at least in the most superficial layers of the
coating, the amino groups are oriented outward, making them available for anchoring the
lubricant [117]. The use of a silane primer is expected to result in a strong adhesive bond between
the silanized glass and the organic layer, largely due to the network structure formed by multiple
molecular layers in the interphase region. This interphase, chemically adsorbed onto the inorganic
substrate, extends into the polymer matrix, while the polymer matrix also penetrates into the
chemically adsorbed silane layer [100]. This interaction leads to the formation of a complex
network structure, as discussed in Chapter 2.

Comparing these data with the results of the AFM analysis, both the increase in roughness
observed between 15-30 minutes and 120 minutes and the increase in carbon and nitrogen
content, suggest an increased adsorption of molecules over time. In particular, in the 120 minutes
case, the increase in roughness can also be attributed to a more layered and less dense network
in the outermost layer. For the 60 minutes immersion, the decrease in roughness could be due to
a tighter packing of the deposited layers compared to shorter immersion times. However, this
does not completely explain the observed decrease in carbon and nitrogen content for 60 minutes
immersion, suggesting that other factors may have contributed to the reduction in elemental

composition.
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3.1.2.3 Mechanical Tests

Tribological Tests — Ball-on-disk

Tribological tests were conducted to investigate the effect of surface treatments on the friction
coefficient (COF). For these tests, a specific set of parameters was chosen, corresponding to
Sample2 in Table 1, with an additional dipping step in a lubricant solution, as outlined in the

Experimental section.
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Figure 3.25 Representative curves of the COF evolution as a function of the number of Laps (10000). In grey the uncoated Ref.
glass sample; in orange the coated sample with only Primer; in red the coated samples with primer and lubricant; and in blue the
coated sample with only lubricant.

The results in Figure 3.25 showed that both untreated and silane-treated glass exhibited a rapid
increase in the COF. For the untreated specimen, the COF stabilized at 0.7, while the glass coated
with silane reached a COF of 0.72, indicating that the silane primer alone had no significant
influence on the friction coefficient. For the sample treated with a lubricant, a significant
reduction in the COF was observed, with the friction coefficient starting at 0.08 and quickly

stabilizing at 0.2. This is consistent with the behavior reported in tribological studies where
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lubricants form a protective layer that significantly reduces friction by preventing direct contact
between the surfaces [182]. In fact, at the end of the test, no visible wear trace was observed,
suggesting that the lubricant provided substantial wear protection. In some studies this is true
especially when the lubricant is applied to surfaces treated with primers/additives [183], [184],
[185]. Samples treated with both the silane primer and the lubricant initially showed a COF of

approximately 0.21 (Figure 3.26, close up of Fig. 3.25 for 2000 laps).
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Figure 3.26 Representative curves of the COF evolution as a function of the number of Laps (2000). In grey the uncoated Ref.
glass sample; in orange the coated sample with only Primer; in red the coated samples with primer and lubricant; and in blue the
coated sample with only lubricant.

However, after about 2000 laps, in some cases the COF remained very low, in others it rapidly
increased to 0.7 (comparison of SLS+Primer+Lubricant 1 and SLS+Primer+Lubricant 2 in Fig. 3.25).
The sudden increase in COF indicates a premature detachment of the lubricant layer under high
tribological stresses, a behavior that has been reported in other studies involving surface coatings
and primers. In several studies, the interaction between the silane and the substrate can improve
the bond strength, but does not necessarily result in a lower coefficient of friction [186], [187].

These studies have shown that the application of silane often results in similar COF values
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compared to untreated surfaces under certain test conditions. In this study the tribological
behavior of the primer was found to be not always repeatable, this could also be due to the fact
that for this instrumental setup (ball-on-disk) it was necessary to deposit the coating on the
bottoms of the bottles which was not always homogeneous due to the concave shape of the
sample. Up to 2000 laps however the primer maintains a low surface friction, and it should be
noted that the in-line friction to which the vials are subject is presumably lower than that

simulated with the instrumentation under examination.

Scratch Analysis in Multipass Mode

Representative measurements of the COF values obtained operating the Nano Scratch Tester in
multipass mode are shown in Fig. 3.27 as functions of the number of passes for the samples of
Table 2, consisting of whole 20 mL SLS glass vials with different coatings.

The uncoated glass reference sample displayed a rapid increase in the coefficient of friction (COF),
rising from 0.4 to approximately 0.8 within less than 20 passes, which confirms the high surface
friction of bare glass vials. In contrast, the sample coated only with lubricant exhibited an initial
COF of 0.2, and only after almost 400 passes it increased towards larger values. These results
proof that this kind of measurement is sensitive to the properties of the surface (glass vs lubricant)
and is also able to explore the resistance of the coating against the increase of the number of
passes, evidenced through the transition from low to high COF values in the lubricated surface.
When a 0.5% primer layer, applied by dipping as described in Section 3.1.1.3, is interposed in
between glass and lubricant, COF behaviors clearly showed a dependence on the primer
immersion time (see Table 2). In all cases, COF values tend to increase as the number of passes
increases, but the presence of the silane primer with lubricant pins the COF to low values (0.2-
0.3) for a certain number of passes before it increases to larger values. In particular, Sample 6,
with a primer immersion time of 15 minutes, showed an COF value of approximately 0.25 until
24-26 passes then it gradually rose to achieve a value of 0.9 after 50 passes. Sample 5, immersed
for 30 minutes, showed at COF in the 0.2-0.3 range for a number of passes as high as 138-140,

then progressively increased to a value of about 0.9 after 174 passes. For Sample 4, with a 60-
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minute immersion, the stabilization at a COF value in the 0.2-0.3 range lasted for 58-60 passes,
rising steadily to stabilize at 0.9 after 74 passes. Sample 3, with a 120-minute primer immersion
time, had an initial COF of 0.1 which increased rapidly to 0.4, and stabilized at approximately 0.7

after 150 passes.
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Figure 3.27 Representative evaluation of friction as a function of the number of passes. As shown, from top left to bottom right,
reference uncoated glass sample, sample coated with lubricant only (SLS+Lubri), sample 6 + Lubri (15 min immersion time), sample
5+ Lubri (30 min immersion time), sample 4 + Lubri (60 min immersion time), and sample 3 + Lubri (120 min immersion time).

The results indicate that dipping time has a notable impact on the adhesion-promoting effect of
the lubricant. Specifically, the number of passes required before the lubricant’s effect diminishes
(i.e. the COF approaches that of bare glass) substantially increases with longer dipping times in
the 15 to 30 minutes range, then decreases for 60 minutes immersion time and finally shows a
different behavior for the structure with 120 minutes silane dipping time. We note here that these
findings show a strong similarity with XPS observations reported in the previous section, where
we concluded that deposition times < 60 minutes allowed to obtain denser and closely packed
silane layers with a predominance of free amino groups on the surface, while for deposition times
2 60 minutes the silane deposits start showing a more layered and less dense structure
characterized by weakly-bound, physisorbed layers with longer zwitterionic components, with a
measurable fraction of protonated amino groups in the 120 minutes structure.

By combining XPS and multipass results, we conclude that the functionality of the silane primer
strongly depends on the structure of the siloxane-network interface (maximized in the 30-minute
and 120-minute structures). The loss of anchorage at 60 minutes does not allow to highlight a

trend as a function of time, further investigations will be required to clarify this aspect. In fact,
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the adhesion promotion by silanes could be related both to chemical bonds of amine functionals
groups present than to the formation of an interpenetrating network between primer and
polymer thanks to the graduated stratification of the siloxane network.

Interestingly, the behavior of the lubricant without a primer presents inconsistencies compared
to observations from production lines. This discrepancy may be due to the dip-coating method,
which might resultin a relatively thick lubricant layer that does not chemically bond to the surface
but instead spreads during measurement, thereby maintaining a lower COF over a prolonged
period.

The primer’s effectiveness will be further explored in the following chapter, where results from

spray deposition, a method more closely aligned with industrial practices, will be discussed.

Tilt — Table Tests

In parallel with the tribological study of the coated surfaces, industrial in situ tests were
conducted as part of standard quality control procedures to evaluate the sliding angle using tilt-
table instrumentation available at Bormioli Pharma facilities. This test is routinely employed in
the industry to assess the frictional properties of the vial surface, with an acceptable maximum
sliding angle set at 30° (red dashed line in Fig. 3.28). If the sliding angle exceeds this threshold,
adjustments to the lubricant application process are typically implemented to enhance
performance. For this study, 20 mL vials were tested in groups of three for each coating type.
Sliding angle measurements were obtained by positioning three bottles on the tilt table and
rotating the top-positioned sample for each measurement to ensure consistency. In this case, it
was possible to use a glass vial with SnO;-primer taken from the industrial plant and subsequently
immersed in the aqueous lubricant solution using the same procedure as for the other samples,

as explained in Section 3.1.1.3.
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Tilt-Table Test
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Figure 3.28 Plot of sliding angle (°) values showed are mean * SE (Standard Error). The histogram is the vale of the average
obtained from 5 measurements made for each sample. In grey the reference uncoated vial (Uncoated); in blue the coated vial
with only lubricant (Lubricant); in yellow the coated vial with standard primer (SnO;) and lubricant (Sn+Lubri); in red the coated
vial with silane primer and lubricant (Primer+Lubri) and in orange the coated vial with only silane--primer (Primer).

The results showed in Figure 3.28 demonstrate that uncoated glass exhibits a sliding angle
exceeding 30°, indicating a high degree of friction between the bottle surfaces. In contrast, glass
coated with the standard lubricant shows a sliding angle of approximately 15° (green dashed line
in Fig. 3.28), which aligns with good sliding performance according to quality control standards.
Notably, the sliding angle for glass coated with the silane primer is even lower than that obtained
with the conventional tin-based primer, demonstrating improved performance. As expected,

however, the silane primer alone does not achieve high sliding values.
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3.2 Single— Component Coating

3.2.1 Materials and Methods

Substrates: Soda-lime-silicate (SLS) glass pieces sourced from 500 mL vials produced by Bormioli
Pharma S.p.A. were used for surface characterization of the glass coated. Whole 20 mL SLS vials

were used for mechanical measurements with the tilt-table method.

Chemicals: 2-[(acetoxy(polyethyleneoxy) propyl] triethoxysilane (Fig. 3.29) a commercial product
purchased from Gelest - Mitsubishi Chemical Group, was used in aqueous solution at the

concentration of 2%.

=
o) ()\ ./O
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Figure 3.29 2-[(acetoxy(polyethyleneoxy) propyl] triethoxysilane, Gelest[114].

3.2.1.1 Surface Preparation

The glass samples were prepared by cutting the vials into pieces approximately 1 cm x 1 cm in
size. These pieces underwent chemical cleaning through sonication in deionized water,
isopropanol, acetone and isopropanol. Immediately prior to immersion in the silane solution, the
samples were treated with oxygen plasma for 5 minutes at a power of 8 W using a plasma cleaner
(Femto, Diener electronic, Germany) to expose hydroxyl (OH) groups on the glass surface. The
increase in surface wettability was assessed by measuring the contact angle.

The same chemical cleaning and surface activation procedure was applied to the vials used for

mechanical characterization.
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3.2.1.2 Coating Deposition

The silane agqueous solution at 2% in volume, was stirred for 15 minutes prior to immersing the
sample. This period allows for the hydrolysis of the alkoxy groups, as studied through IR
spectroscopy in solution, which will be discussed in Section 3.2.2.1. After the 15-minute stirring
period, the glass sample was immersed in the solution and kept under gentle agitation for 60

minutes. Finally, the sample was subjected to curing at 150°C for 120 minutes.

3.2.2 Results and Discussion

3.2.2.1 Hydrolysis Study in solution

The 2-[acetoxy (polyethylenoxy) propyl] triethoxysilane, referred to as SIA, contains a long
functional side chain with repeated ether linkages and a carbonyl group as the organic portion,
as well as three -SiOCH,CHs groups that must undergo hydrolysis to form -SiOH groups, which
then condense with -SiOH groups on the substrate surface. The hydrolysis of silanes follows the

reaction pathway shown in Eq. (10), where Et represents an ethyl group.

—Si(OEt); + H,0 <«—» —Si(OH); + 3 EtOH (10)

We investigated the hydrolysis time for a 2% SIA solution in water. The natural pH of the solution
was 4.5, which is sufficiently acidic to promote the hydrolysis process, making the addition of
catalysts unnecessary. The study was conducted using FT-IR spectroscopy in solution by taking a
droplet of the solution at increasing reaction times (t=0 — 5min — 15min — 30min — 1h — 2h) (see
Fig. 3.30) and monitoring the growth of the band at 1045 cm™, which is characteristic of the

ethanol released [75] in the reaction described by Eq. (10).
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Figure 3.30 Schematic view of the IR analysis conducted in solution, adapted from [188].

The peak corresponding to the release of ethanol begins to appear as early as 5 minutes into the
reaction and shows no significant increase beyond 15 minutes, as demonstrated in Figure 3.31 of
the collected FT-IR spectra. Based on these observations, 15 minutes was selected as the optimal

hydrolysis time before immersing the glass samples in the silane solution.

1 —t=0
——+t = 5min
——1t=15min
——1t=30min
80 t = 60min
- t = 120min
3
S
© ] [
Q
5
= /
E 60/
c |
o
-
| :
| v _
\ 1045 cm?
40 T - T . T - T - |
1000 1500 2000 2500 3000

Wavenumber (cm™)

Figure 3.31 FT-IR spectra of SIA aqueous solution from different reaction times. The peak at 1045 cm-! js related to ethanol
release for hydrolysis time evaluation.
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3.2.2.2 Surface Characterization

The SIA-coated samples were analysed using AFM microscopy and FT-IR spectroscopy. AFM
analysis confirmed the presence of the coating through changes in morphology and an increase
in roughness, with Rg=0.33 nm compared to the uncoated glass (R; = 0.16 nm). The AFM images

showed good surface coverage, as illustrated in the Figure 3.32.

3.00 nm

2,50

2.00

Figure 3.32 AFM images of coated glass with 2% of SIA. Rq = 0,33 nm.

FT-IR analysis further confirmed the presence of the coating, with the appearance of peaks in the
2850-2960 cm™" region, corresponding to the C-H stretching of the alkyl chains, and a peak around
1736 cm™, attributed to the carbonyl (C=0) groups (see Fig. 3.33) of the organic portion of SIA
molecules. The peak typically associated with the C-O group, located around 1136 cm™, is likely

obscured by the strong band in the 950-1250 cm™ region, corresponding to Si-O-X bonds.
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Figure 3.33 FT-IR spectra of coated glass sample with 2% of SIA (in red) compared with the spectra of uncoated glass (in blue).

3.2.2.3 Mechanical Tests

Tilt-Table Tests

The 20 mL glass vials coated with SIA underwent quality control assessment using the Tilt-Table
instrumentation available at the Bormioli Pharma facility. As shown in Figure 3.34, the sliding
angle measurements for SIA-coated vials were higher than those of vials coated with the standard
lubricant; however, they remained within the threshold of industrial acceptability. This indicates
that the SIA coating meets the minimum sliding performance required in production, despite not

reaching the lower friction levels associated with standard lubricant.
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Tilt-Table Test
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Figure 3.34 Plot of sliding angle (°) values showed are mean * SE (Standard Error). The histogram is the value of the average
obtained from 5 measurements made for each sample. In grey the reference uncoated vial (Uncoated); in blue the coated vial
with only lubricant (Lubricant); in orange the coated vial with SIA (SIA). The red dashed line at 30° = threshold of industrial
acceptability; the green dashed line at 15° = good value in industrial control quality.

The potential to utilize a single-molecule in agueous solution that forms a covalent bond with the
glass surface while also providing lubrication offers significant industrial advantages, particularly
in terms of process simplification and reduced material use. Consequently, further investigation
into the spray deposition of this solution was undertaken, as detailed in Chapter 4, to assess its
scalability and performance in an industrial setting. This approach aims to evaluate whether SIA
is able to provide adequate surface protection and lubrication through a simplified and single-

step coating process.
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4. Experimental Studies for Industrial Scalability

This chapter is divided into two main sections (4.1 - 4.2), each addressing studies on organosilane-
based coatings deposited using spray systems. Section 4.1 focuses on the aminosilane primer and
single-component coatings deposited via an airbrush system, including comprehensive
characterization. In this section, various methods for chemical activation of the glass surface were
explored to facilitate the silanization process, and the effectiveness of these methods was
evaluated through contact angle measurements, which also served to confirm the presence of the
coating. Following deposition, scratch tests were conducted on the lubricated coating samples to
assess their resistance to surface damage under controlled parameters.

Section 4.2 investigates the performance of the aminosilane primer coating, applied with and
without lubricant, using an automatized spray system. The presence of the primer coating was
verified through XPS analysis, and the mechanical performance of the coated samples was
evaluated through tribological testing in a ball-on-flat configuration. The primary objective of this
experimental work was to evaluate the industrial scalability of these coatings by testing the spray
deposition method, the intended approach for industrial application. In this context, a primer-
lubricant mixture was introduced to enable a one-step spray application, simplifying the process
for potential large-scale implementation.

As presented in the results of these sections, the airbrush and spray deposition studies were
conducted on samples with different coatings, and the corresponding characterizations were also
distinct. These investigations took place during separate research stays at different international
research centers. As a result, it was not possible to perform the same types of chemical, physical,
and mechanical characterizations due to practical constraints related to equipment availability
and time. It was preferred to analyse the samples shortly after their preparation, using the
instrumentation available on site, to preserve their properties and ensure reliable results.
Specifically, in the study involving the spray system, it was not feasible to test the SIA, as the
instrument’s heating plate could not reach the curing temperature required for the material. For
this reason, this set of analyses was performed exclusively on the aminosilane primer in

combination with the lubricant.
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This distinction underscores the necessity of adapting the experimental work to the conditions and
resources available during these research periods, while ensuring that the objectives of each study

were effectively achieved.
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4.1 Air-Brush Deposition

4.1.1 Materials and Methods

Substrates: Soda-lime-silicate (SLS) glass pieces sourced from 500 mL vials produced by Bormioli

Pharma S.p.A.

Chemicals:

Amino propyl silsesquioxane (Figure 3.1), a commercial product purchased from Gelest -
Mitsubishi Chemical Group, was used as the silane primer in aqueous solution. As a lubricant, a
macrogol stearate - a mixture of mono- and di-esters of stearic and/or palmitic acid with macrogol
(Figure 3.2), was employed in aqueous solution. The commercial name of the lubricant is omitted
for confidentiality reasons. 2-[(acetoxy(polyethyleneoxy) propyl] triethoxysilane (Fig. 3.29) a
commercial product purchased from Gelest - Mitsubishi Chemical Group, was used in aqueous

solution at the concentration of 2%, as a single-component coating.

4.1.1.1 Surface Preparation

The glass samples were prepared by cutting the vials into pieces approximately 2 cm x 2 cm in
size. Three different chemical cleaning methods were tested and compared to a standard cleaning

procedure, with surface activation effectiveness assessed through contact angle measurements.

Method-1: The sample was immersed in a 1:1 solution of methanol (MeOH) and hydrochloric acid
(HCI) for 30 minutes. Following this, the sample was rinsed with deionized (DI) water and dried
under a nitrogen (N,) stream. Subsequently, the sample was immersed in concentrated sulfuric

acid (H,S0,) for 30 minutes, followed by a second rinse with DI water and drying under N,.
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Method-2: The sample was immersed in a 1 M sodium hydroxide (NaOH) solution for 20 minutes.
After the incubation period, the sample was rinsed with deionized water and dried under a
nitrogen (N,) stream.

Method-3: The sample was immersed in a 9% aqueous hydrofluoric acid (HF) solution for varying
durations (20 s, 60 s, 240 s, 720 s). After immersion, the sample was rinsed in an ultrasonic bath
for 4 minutes and then dried under a nitrogen (N;) stream.

Method-0 (Reference Method): The sample was subjected to sonication in deionized water for 2

minutes, followed by sonication in isopropanol for 2 minutes, acetone for 2 minutes, and
isopropanol for an additional 2 minutes. The sample was then dried under a nitrogen (N;) stream.
These methods were employed to evaluate the surface activation efficiency through contact

angle measurements.

4.1.1.2 Coatings Deposition

The coatings were deposited as follows. The glass substrates were placed on the airbrush platform
and secured in place with an adhesive to prevent movement during the deposition process. The
airbrush gun was positioned at an angle of approximately 60° to the sample surface, with the air
compressor pressure set at 2.0 kg/m?. The coating was applied to the 2 cm? sample area, over
which approximately 1 mL of precursor solution was evenly distributed at room temperature. The
air-brush gun was moved slowly back and forth for four passes, maintaining a constant distance

of approximately 20 cm between the glass substrate and the airbrush gun (see Figure 4.1).
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Solution

Air-brush gun

Platform

Figure 4.1 Schematical set-up of the air-brush deposition.

Table 3 provides a detailed summary of the sample preparation using different coating solutions.

For comparison, a sample coated solely with the lubricant was prepared by depositing the

lubricant on a heated glass substrate according to the current industrial process. The SIA aqueous

solution was prepared and stirred for 15 minutes before being sprayed onto the surface, to allow

hydrolysis as studied in section 3.2.2.1. In addition, a solution containing a mixture of aminosilane-

primer and lubricant (Primer/Lubri in Tab. 3) was prepared to explore the feasibility of a one-step

application. As a reference, uncoated glass samples were also analysed.

Table 3. Parameters used to deposit coatings by air-brush.

Sample Pre-treatment
SIA HF 9% for 720s
Primer HF 9% for 720s

Primer+Lubri HF 9% for 720s

Primer/Lubri | 120°C for 2h

Lubri 120°C for 2h

Ref. Cleaned

120

Silane Curing

SIA 2% in water 150°C for 30 min
Aminosilane 0.5% in water = 150°C for 30 min
Aminosilane 0.5% in water = 150°C for 30 min
Aminosilane

0.5%/Lubricant 0.1% in

water

Lubricant 0.1% in aqueous

solution

Uncoated

Lubricant
no
no

yes

yes
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4.1.2 Results and Discussion

4.1.2.1 Contact Angle Measurements

The effectiveness of the chemical methods tested for the activation of glass surfaces was
evaluated through contact angle measurements. This was measured by placing a 2.0 pL drop of
deionized water on the surface using a pipette. The image of the droplet was captured within a
few seconds of placing it on the surface. The measurement was obtained by software circle
interpolation for the angle determination as showed in Fig. 4.2. As a reference, glass samples
cleaned with Method-0, a routine chemical cleaning process for removing contaminants
(previously described in the Materials and Methods section), were used. In Table 4 the results
obtained.

Among all tested methods, Method-3, involving immersion in hydrofluoric acid for 720 seconds,
proved to be the most effective. With this pretreatment, the contact angle was reduced from
approximately © = 60° for the glass cleaned with Method-0 to less than 6° (see Fig. 4.2). The
measurement was repeated after three days, and the contact angle remained unchanged,
indicating the stability of the surface treatment. Consequently, this method was selected for the

pretreatment of samples prior to the deposition of coatings via the air-brush technique.

Table 4. Evaluation of the contact angle on glass substrate treated with different chemical cleaning methods for surface activation.

Method Acquisition Time Contact Angle 0
M-0 t=0 59.8°

M-1 t=0 36.8°

M-2 t=0 21.2°

M -3 (20s) t=0 19.7°

M -3 (720s) t=0 5.8°
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Method 0 Method 1

Method 2 Method 3

Figure 4.2 Images of droplet captured with contact angle measured on glass substrate after different activation methods; the
image of Method-3 refers to the surface immersed for 720s.

The contact angle was measured, also, on the glass surface after coating deposition using an air-
brush system. Figure 4.3 shows images of water droplets on the different samples, highlighting
the captured contact angles. The results confirm the presence of the coating, evidenced by
changes in surface wettability. The application of an aminosilane primer, whether applied
sequentially (Primer + Lubri) or mixed with the coating (Primer/Lubri), resulted in a contact angle
indicative of hydrophilicity comparable to that achieved with the lubricant alone. When the
primer was applied independently, the contact angle was approximately 40°, aligning with values

reported in the literature [125].
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Primer » Primer+Lubri Primer/Lubri

Lubri SIA Ref,

Figure 4.3 Images of droplets captured with contact angle measured on different glass samples.

For the SIA coating, the measured contact angle was around 50°, indicating an increase in
hydrophilicity compared to uncoated glass, as expected for this type of molecule. This shift
suggests that the SIA coating effectively enhances the glass surface affinity for water, consistent
with the intended surface characteristics of this molecule type. These variations in contact angle
reflect the distinct interactions between each coating formulation and the glass surface, providing

insight into the effectiveness of the coatings in altering surface wettability.

4.1.2.2 Mechanical Tests

Scratch Analysis

The coated samples were subjected to scratch tests to evaluate surface damage following the
application of a progressive load on the glass surface. The initial load applied was 0.3 N, while the
final load reached 10 N, over a scratch length of 8 mm. For each sample, three measurements
were taken: one at the center of the substrate, and the other two immediately to the left and
right of the central measurement, with an approximate distance of 3 mm between them (as
schematically shown in Fig. 4.6). A panoramic view of the scratch mark was captured immediately

after the load was applied, as provided by the light microscope. These images were analysed to
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assess the nature and extent of the damage, with Critical Loads (Lcs) being assigned to specific
damage indicators.

The uncoated reference glass exhibited all the typical damage defects of soda-lime glass, as
confirmed by the literature and shown in Figure 4.4. Three distinct regimes are commonly
observed:

i) The first is a micro-ductile regime, associated with a permanent groove and the potential
formation of lateral cracks beneath the surface, underneath the plastic track;

ii) The second, known as the micro-cracking regime, is characterized by significant damage from
median cracks propagating deeply into the material, lateral cracks occurring beneath the indenter
at a depth corresponding to the so-called plastic zone limit, radial cracks, and chipping originating
from the intersection of lateral cracks;

iii) The third regime is a micro-abrasive regime, resulting in a significant amount of debris, with

occasional small lateral cracks along the scratch track [189].

indenter
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Figure 4.4 An example of typical signs of damage that occur on SLS glass after a scratch and the assignment of critical loads
corresponding to some of these. Adapted from [190].

For the surface damage analysis, critical loads corresponding to each typical defect were
identified and compared across the different samples. The first defects to appear are almost

always Hertzian cracks, as defined by ASTM C1624-05 Standard; these initially form as small ring
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cracks and progressively begin to interconnect. Subsequently, radial cracks, or so-called Chevron
cracks, appear, oriented outward from the scratch. The interaction between these radial cracks
and lateral cracks eventually leads to chipping, where smaller glass fragments break off in the
immediate vicinity of the scratch [189], [190], [191]. Following this, fractures leading to the
breakage of the glass occur, typically at higher loads. In some cases, subsurface lateral cracking
phenomena appear either before or after the appearance of radial cracks and may be related to
the cohesion of the surface layers. In this study, three critical loads (Lc) were identified: Lc1,
corresponding to interconnected Hertzian cracks; Lc2, associated with radial cracks; and Lc3,
indicating the onset of fractures. This latter critical load (Lc3) was assessed as the initiation point
of crack propagation, where the reflection on the glass surface appeared as a halo, visible both

internally and externally to the scratch.
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Figure 4.5 Images of scratches made on glass samples, from top to bottom: Reference sample, Lubri, Primer and Lubri,
Primer/Lubri mix and SIA coated samples. For each sample, the panoramic image of the scratch (top in green) through the optical
microscope integrated in the scratcher and the confocal image (bottom in black and white) acquired after several hours are
shown.

The defect analysis was conducted based on microscopic observation of images captured
immediately after scratching, using the light microscope objectives connected to scratch tester
for initial imaging and subsequently observed with a confocal microscope, as shown in Figure 4.5.
Confocal microscopy was particularly used for the assessment of Lc3; however, the general
assignment of critical loads relied on scratch images that provided an instant capture of surface
damage. Indeed, as documented in the literature [192], a reorganization of the scratch pattern

may occur after several hours.
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For each sample and each of the three scratch tests performed, the values of Lc1, Lc2, and Lc3

were assigned, as reported in the Table 5.

Table 5. Damage assessment by assigning critical loads, Lc1 — Lc2 — Lc3, to the different damage marks on each scratch track per
Sample.

Sample Scratch n° Lc1 (N) Lc2 (N) Lc3 (N)
2134
/// Ref. 1 2,5 4,18 4,66
Ref. 2 1,7 2,7 4,3
Figure 4.6 Schematic Ref. 3 3,3 5 7
view of the 3 scratches b 1 29 515 5
applied on the same ! ! !
sample spaced | | ubri 2 1,75 3,2 5,2
approximately 3 mm
apart, approximately. Lubri 3 6 no 7,5
Primer+Lubri 1 3,2 4,3 6,12
Primer+Lubri 2 1,8 2,6 5
Primer+Lubri 3 3 4,8 6,5
Primer/Lubri 1 2,7 4,7 7
Primer/Lubri 2 2 3 5,6
Primer/Lubri 3 4,5 6,15 7
SIA 1 5 5,6 7,3
SIA 2 3 4 5,6
SIA 3 4,5 5,3 6,6

Not all scratch tests on the same sample showed reproducibility; in particular, the scratch3-Ref.
and scratch3-Lubri tests were excluded from the calculation of the mean value, as they differed
significantly from the first two tests and never reached the breaking point. In this case, it is
assumed that the curvature of the sample prevented an optimal approach between the indenter
tip and the sample surface, thus affecting the reliability of the results obtained.

Figures 4.7 - 4.11 show pictures illustrating the occurrence of various types of damage for scratch

1 of each sample.
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Figure 4.7. Panoramic view images of the scratch mark for the Reference sample and the assigned critical loads with dashed line
(above), and enlargements of the points relating to the three critical loads (below), Lc1, Lc2 and Lc3 from left to right.
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Figure 4.10 Primer/Lubri
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Figure 4.11 SIA

In general, it was observed that the presence of a surface lubricant coating resulted in the
occurrence of damage at higher loads than uncoated glass (see Figure 4.12). This was particularly
evident for Lc3, especially in the samples coated with a primer-lubricant mixture and with SIA, as

shown in Figure 4.12, where this trend for the different types of surface damage is highlighted.

Trend of Critical Loads
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Figure 4.12 Trend Graph showing the average values for each sample of the critical loads, Lc1 - Lc2 - Lc3. These values are
reported in Table 6 with standard deviations associated.

Table 6. Mean value and standard deviation of critical loads, Lc1 —Lc2 — Lc3, for the different Samples.

Samples Lcl Dev.st. Lc2 Dev.st. Lc3 Dev.st.
Ref. 2,1 0,57 3,4 1,17 4,5 1,47
Lubri 2,3 0,81 4,2 1,38 5,4 1,23
Primer+Lubri 2,7 0,76 3,9 1,15 5,9 0,78
Primer/Lubri 3,1 1,29 4,6 1,58 6,5 0,81
SIA 4,2 1,04 5,0 0,85 6,5 0,85
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Based on the obtained results, we can state that in the presence of coatings, there is a protective
effect on the glass surface when subjected to increasing loads. This is especially promising in the
case of using the primer mixed with the lubricant and a coating with a single silane component,

with industrial advantages over the process currently used in the factory.

4.2 Spray Deposition

4.2.1 Materials and Methods

Substrates: Soda-lime-silicate (SLS) glass pieces sourced from 500 mL vials produced by Bormioli
Pharma S.p.A. The glass samples were prepared by cutting the vials into pieces approximately 2

cm x 2 cm in size.

Chemicals:

Amino propyl silsesquioxane (Figure 3.1), a commercial product purchased from Gelest -
Mitsubishi Chemical Group, was used as the silane primer in aqueous solution. As a lubricant, a
macrogol stearate - a mixture of mono- and di-esters of stearic and/or palmitic acid with macrogol
(Figure 3.2), was employed in aqueous solution. The commercial name of the lubricant is omitted

for confidentiality reasons.

4.2.1.1 Coatings Deposition

The coatings were deposited using an automatic spraying system under controlled conditions as
showed in Figure 4.13. The glass substrates were placed on a heated platform, with the
temperature maintained between 80°C and 120°C to facilitate uniform deposition. The spray gun
was aligned perpendicularly (90°) to the substrate surface and operated at an air pressure of 0.6

bar. A flow rate of 20 ml/h was used to apply the solution to a target area of 2 cm? on each
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substrate. To ensure uniform coverage, the spray gun moved back and forth over the substrate
at a speed of 300 mm/min for a total of three passes, maintaining a fixed distance of 40 mm
between the nozzle and the substrate. This configuration allowed the formation of a uniform and

transparent layer on the glass surface, contributing to the reproducible deposition of the coating.
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Figure 4.13 Schematic view of the spray deposition setup.

Heated surface

In this study, surface activation was intentionally omitted to replicate the industrial coating
process, relying instead on heating the spray system platform to facilitate solvent evaporation,
act as a curing step and promote condensation of organosilanes on the glass surface. Sample
preparation consisted solely of a chemical cleaning procedure with sonication in deionised water,
acetone and isopropanol to ensure a clean surface prior to coating.

Table 7 summarises the sample preparation steps using different coating solutions. For
comparison, a sample was prepared by applying only the lubricant, which was deposited on a
heated glass substrate following the established industrial protocol. In addition, a solution
combining aminosilane primer and lubricant was tested to assess the feasibility of a one-step
deposition process. Uncoated glass samples were included as a reference to evaluate the effect

of coatings on surface properties.
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Table 7. Description of samples prepared by spray system.

Sample

Primer+Lubri

Primer/Lubri

Lubri

Ref.

4.2.2 Results and Discussion

Pre-treatment

4.2.2.1 XPS Analysis

XPS analysis was conducted to confirm the presence of the primer coating. To this purpose, we
acquired and compared the survey spectra of the uncoated reference glass sample with those of
the primer-coated glass. As shown in Figure 4.15 the coated glass sample has distinct carbon and
nitrogen peaks associated with the presence of aminosilane, which are absent in the investigation
spectra of the uncoated sample (Fig. 4.14). Furthermore, in the spectra of the coated glass
sample, some substrate elements, such as sodium (Na) and calcium (Ca), are still detectable,
probably due to the deposition of a thin film. The results obtained on the flat slides (Fig. 4.14 —

4.15 -right) are comparable to those obtained on the vial pieces (Fig. 4.14 — 4.15-left), and confirm

the deposition on curved surfaces.
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Silane

Aminosilane 0.5% in water

Aminosilane 0.5%/Lubricant 0.1%
in water

Lubricant 0.1% in aqueous solution

Uncoated

Lubricant

yes

yes
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Figure 4.14 XPS survey spectra of Reference uncoated glass. On the left: curved pieces of glass vials samples; on the right: flat
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4.2.2.2 Tribological Analysis

Tribological tests were conducted to investigate the influence of surface coatings on the
coefficient of friction (COF) in coated glass samples. The linear configuration of the test
instrumentation allowed these measurements to be performed on curved pieces of glass vials.

The results, presented in Figure 4.16, reveal distinct behavior between the various sample types.

Friction Evaluation

1,0 4
—— SLS+Lubri
—— SLS+Primer+Lubri
SLS+Primer/Lubri mix
0,8 — —Ref.

COF

0.0

. T T T ! T T 1
0 500 1000 1500 2000
Laps

Figure 4.16 Representative curves of the COF evolution as a function of the number of Laps (2000). In grey the uncoated Ref.
glass sample; in red the coated samples with primer and lubricant in sequence; in orange the coated sample with primer and
lubricant in mixture; and in blue the coated sample with only lubricant.

The uncoated sample showed a high COF, indicating that, without coating, the reciprocal
movement of the ceramic ball causes an increase in adhesion between the alumina ball and the
glass, leading to high friction. In contrast, the Lubri-coated sample showed stabilisation with a
similarly high COF, suggesting that the lubricating coating is not sufficient to reduce friction. This
limitation probably stems from the inability of the lubricant to form a continuous lubricating film,
resulting in persistent adhesion between the ball and the surface. In contrast, samples with
Primer + Lubricants and Primer/Lubricants coatings showed the lowest COF values, confirming

their effectiveness in reducing friction even under reciprocal motion conditions. This result can
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be attributed to chemical interactions and optimised lubricant distribution, which contribute to
the long-term stability of low-friction performance. Two primary mechanisms of COF reduction
are likely at play: (i) adhesion reduction, in which the coating materials form both chemical and
physical barriers on the glass surface, decreasing adhesion between the ceramic ball and the glass
over time. The reciprocal movement favours the formation and distribution of lubricating layers,
minimising adhesion on contact between the alumina sphere and the glass; (ii) surface smoothing,
where the reciprocal movement of the sphere progressively ‘smooths’ surface irregularities,
improving contact with the coating and further reducing friction. The observed reduction in COF
over time suggests that thin lubricant coatings, in combination with reciprocal ball movement,
are critical to improving the tribological performance of the system. Careful evaluation and
optimisation of these coatings is essential to achieve optimal performance characteristics. The
interaction between the movement of the alumina ceramic ball on the coated glass surface could
facilitates a significant reduction in COF as investigated in some studies [193]. This movement
favours the ‘smoothing’ of surface roughness, improving contact with the coating and creating a
more stable lubricating film [54], which in turn reduces adhesive forces, enabling better sliding
and reduced friction. Although this behavior is cited in some studies, in the specific case of this
work further investigations are needed to support this hypothesis. Thin coatings, with their
adhesion-reducing properties, also help optimise lubricant distribution, creating an ideal

tribological environment for stable, long-term performance in tribological processes.
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5. Conclusions and Future Perspectives

The pharmaceutical packaging industry faces a critical challenge in maintaining the strength and
integrity of glass containers, which requires the application of coatings to ensure surface
smoothness and functionality during production and filling processes. Current coating methods
involve a two-stage process using a metal oxide primer and a lubricating layer, with the hot-end
coating requiring specific equipment to handle toxic emissions. This PhD research, conducted in
collaboration with Bormioli Pharma S.p.A., focuses on developing a sustainable alternative to the
traditional hot-end coating. The study explores organosilane-based solutions, specifically
aqueous-based aminosilanes as adhesion promoters and one-component organosilanes in water,
aiming to achieve both environmental and economic advantages.

The study of the aminosilane primer coating, deposited using a dip-coating method, highlighted
the importance of optimizing various deposition parameters to achieve strong mechanical
performance of the final lubricating coating. In particular, for the primer coating, the rinsing step
proved effective in removing physisorbed molecules, while low concentrations were found to be
more effective for achieving uniform coverage of the glass substrate. Additionally, immersion
time proved to be a critical factor in optimizing lubricant adhesion, with times of 30 and 120
minutes yielding the best results in terms of wear resistance and maintaining a low coefficient of
friction (COF) under higher applied stress, as demonstrated by scratch testing in multipass mode.
These results underscore the importance of the primer's structural network in effectively
interacting with the lubricant, ultimately optimizing coating performance for industrial
applications. Additional investigations are necessary to clarify whether the adhesion-promoting
mechanism is driven by chemical bonding involving the amine functional groups in denser layers
or by the formation of an interpenetrating network between the primer and polymer, facilitated

by the gradual stratification of the siloxane network.
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The study of coatings applied using spray techniques confirmed the feasibility of this method,
which aligns with the intended industrial application on production lines for vial manufacturing.
Mechanical analyses, including scratch and tribology tests, demonstrated the effectiveness of
sprayed coatings in both abrasion protection and friction coefficient reduction. Additionally, the
results highlighted the potential for a one-step deposition process, where the aminosilane primer
can be mixed directly with the lubricant. This approach simplifies application and reinforces the
industrial scalability of the coating process, offering a practical and efficient solution for large-
scale implementation.

The investigation of the organosilane (SIA), applied via both dip and spray methods as a potential
one-component coating, demonstrated promising scratch protection in mechanical scratch tests,
although the sliding angle measurements were marginally below industrial acceptability criteria.
Further studies are certainly needed; however, this research paves the way for the advantageous
possibility of using a single molecule that provides both covalent adhesion to the glass substrate
and surface lubrication functionality. This dual capability could simplify the coating process,
representing a significant advancement toward more efficient and scalable coating solutions in

industrial applications.
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Overall, replacing the traditional hot-end process with a silane-based primer offers several
industrial advantages. Firstly, it enables a more sustainable alternative to the hot-end coating by
using an aqueous primer with low VOC content, without supplementary equipment needed for
the toxic releases in the case of tin oxide primer deposition, which can be applied in a single step
alongside the lubricant. This innovative approach not only reduces the environmental impact but
also lowers production costs for pharmaceutical vials. Importantly, it allows for the elimination of
the hot-end coating step without requiring a change in the currently used lubricant, which is
pharmacopeia-approved and safe. This solution thus meets both regulatory and operational
requirements, supporting a streamlined, cost-effective, and environmentally friendly coating

process suitable for large-scale pharmaceutical production.
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Future research will focus on a deeper investigation of the molecular interaction between primer
and lubricant and of the functionality of one-component lubrication through the exploration of
additional organosilane solutions. Additionally, efforts will be directed toward refining
mechanical testing methods to more accurately simulate the movement of vials on production
and filling lines. The tribological behavior of these systems is complex, as it depends not only on
the surface properties of the coating but also on the specific instrumental configuration used for
analysis. A key future objective is to establish a standardized approach for analysing the

tribological behavior of vials moving along production lines. Standardizing this method would
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provide a more precise tool not only for research in this field but also for quality control at an
industrial level, ensuring consistent performance and reliability across production batches. We
finally recall that this activity has been carried out in the framework of the IMEM-Bormioli Pharma
joint laboratory and that the promising results obtained in this work have led to further invest in
this laboratory that now is equipped with a nano-mechanical tester, a tilting table and a

customized spray coating device at laboratory scale.
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