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ABSTRACT
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Adhesion is sometimes desired and sometimes it is undesired. It all starts from the surface,
this thesis delves into the intricate interplay between surface roughness and wettability, with a
particular emphasis on the pivotal role of contact angle as a measurable indicator. Surface
characteristics, especially roughness, profoundly influence the behaviour of liquids on solid
surfaces, impacting the wetting properties. The surface studies in this thesis mostly were
polymeric materials, steels, and some hybrid materials. The reason for conducting these

surface studies was the presence of unwanted adhesion on the surfaces.

Synthesizing findings, the thesis provides comprehensive insights into the relationship
between surface roughness and contact angle, offering valuable perspectives for designing
materials with tailored wetting properties. The implications of these insights extend across
various disciplines, from materials science to engineering applications, where precise control
over wettability is paramount. This research contributes to the ongoing discourse on surface
engineering, presenting a nuanced understanding of how surface topography influences
contact angle dynamics and, consequently, the wetting behaviour of materials in diverse
practical scenarios. To conduct this research, the most important test method was the droplet
shape analyzer, as it helped in understanding the behaviour of the surface when treated with
liquid. Additionally, surface profilometry was utilized to understand how roughness affects the
behaviour of a surface. Optical and electron microscopy helped a lot in understanding the

surface features that were influencing the behaviour of the surfaces.
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Chapter 1

INTRODUCTION

Surfaces play a pivotal role in the world of materials science, shaping their functionality,
performance, and interaction with the surrounding environment. From metals and polymers to
ceramics and composites, the diverse array of materials presents a rich tapestry of surfaces,
each possessing unique properties and behaviors. Scientists, engineers, and researchers
have long been fascinated by the intricate nature of surfaces, driving the quest to uncover their
secrets and harness their potential in various applications. The study of surfaces in materials
science has witnessed significant advancements over the years, with numerous theoretical
frameworks and analytical techniques dedicated to characterizing and quantifying surface

properties. [1,2]

The phenomenon of sticking, or adhesion, between materials is a ubiquitous aspect of our
everyday lives, playing a fundamental role in diverse fields ranging from manufacturing and
engineering to biology and medicine. Whether it is the bonding of adhesive tapes, the secure
adhesion of coatings, or the attachment of cells to surfaces, understanding the underlying
principles of adhesion is crucial for designing materials and structures with desirable
properties. Adhesion poses both opportunities and challenges in materials science. On one
hand, strong adhesion is desirable for applications such as bonding, joining, and surface
coatings, as it ensures structural integrity, durability, and performance. On the other hand,
undesired adhesion can lead to issues such as surface contamination, fouling, reduced
efficiency of manufacturing processes, and malfunctioning of devices. The study of sticking
problems in materials has attracted significant attention from researchers, engineers, and
scientists seeking to unravel the complex mechanisms involved and develop effective

solutions. [2,3]

The technology of 3D printing, also known as additive manufacturing (digital fabrication), is
booming in various industries. It involves using geometrical representations to create physical
objects by repeatedly adding materials [4]. Since its initial commercialization in 1980, 3D
printing has found applications in the development of diverse items, ranging from heart pumps
to rocket engines in the aviation industry and even the construction of a steel bridge in
Amsterdam. The list of applications continues to grow, and this technique is gaining popularity

with each passing day [5,6]. In summary, 3D printing technology has emerged as a versatile



and potent tool in the realm of advanced manufacturing in recent years. Numerous nations
have embraced and extensively applied this technology, especially within the manufacturing

sector. [4]

This thesis includes the surface analysis of various types of materials such as polymers,
steels, and hybrid materials. The characterization techniques employed in the thesis facilitated
a thorough investigation into surface behavior, examining the relationship between surface
properties like hydrophobicity and hydrophilicity with surface roughness. Furthermore, it

explored how different surface features can influence the adhesion of the material.

Chapter 2

3D PRINTING

2.1. Introduction

Developing expertise in the use of 3D printed parts, assemblies, and commaodities is essential
for those working in the product development. In recent years, the landscape of product
launches has undergone a transformation due to the emergence of groundbreaking
technologies, among which 3D printing (3DP) stands out as a revolutionary force in designing
and manufacturing new products. Its significance has transcended its initial association with
prototyping, evolving far beyond the rudimentary 1980s' rapid prototyping (RP) technologies.
Today, 3D printing offers transformative advantages across the entire manufacturing
spectrum, encompassing conceptual design, prototyping, and the production of market-ready
final products. Given the diverse array of 3D printers and technologies available, making
informed decisions about their selection becomes paramount for specific applications.
Simultaneously, the realms of additive manufacturing and 3D printing are undergoing dynamic
shifts, with heightened engagement from researchers, investors, companies, and government
agencies as they strive to predict the future trajectory of these technologies. Organizations,
irrespective of size and type, are actively grappling with understanding their potential roles in

this rapidly evolving landscape. [7,8]
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2.1.1. What is 3DP?

The method of creating a tangible, three-dimensional object with any desired shape directly
from a numerical description—typically a Computer-Aided Design (CAD) model—is referred
to as 3D printing. This process is rapid, fully automated, and exceptionally flexible, requiring
no tooling. From a material point of view, 3D printing offers a wide range of options, including
plastics, metals, ceramics, and even living cells. Each material has unique properties that
influence the final product's strength, flexibility, durability, and appearance. The versatility of
3D printing materials allows for the fabrication of complex geometries and customized designs,
making it a powerful tool in various industries such as aerospace, healthcare, automotive, and
consumer goods. According to Wohler's Report 2014 and ASTM International Committee
F42The official definition of Three-dimensional printing is "object fabrication by material
deposition using a print head, nozzle, or similar printer technology [8]." It's important to note
that 3DP and additive manufacturing (AM) are terms that are frequently used interchangeably.
AM is a more general word that encompasses the creation of 3D physical models, prototypes,
patterns, and tooling components utilizing a range of materials, including plastics, ceramics,

metals, and more. [8,9]

2.1.2. What is RP?

RP stands for Rapid Prototyping. Rapid Prototyping refers to the quick and iterative creation
of physical prototypes using (CAD) data. It is a key application of 3D printing technology,
allowing designers and engineers to efficiently produce tangible models of their designs for
testing, evaluation, and validation. Rapid prototyping is especially useful for visualizing
concepts during the product development process, assessment of form and fit, and

identification of potential design improvements before full-scale production begins.[9]

The term "RP," signifying Rapid Prototyping, has been in use ever since the RP process was
first introduced in 1989. From 1989 to 2005, additive manufacturing technologies were
commonly known as RP. Around 2005, the personal 3D printing revolution began, notably with
the RepRap project—an open-source initiative [10,11]. This marked a significant shift, with the
term "3DP" gaining prominence. The growth of 3D printing has been substantial, with sales
exceeding 72,000 units in 2013. While RP and 3DP are often used interchangeably, the
distinction lies in associating 3DP with machines characterized by lower relative prices
(<$5000) and overall functional capability. Both RP and 3DP are integral to the broader field
of Additive Manufacturing (AM). [10,11]
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2.1.3. A brief history

Charles Hull, who is recognized as the originator of 3D Systems, created the stereolithography
apparatus in 1984, which led to the acquisition of the first 3D printing (3DP) patent [8]. This
technology employed UV light to cure photopolymer resin, forming prototypes. The essence
of 3DP lies in slicing a 3D object into layers, stacked by a machine to create the final part.
Concurrently, Scott Crump pioneered fused deposition modelling (FDM) in 1989, founding
Stratasys and contributing significantly to the development of acrylonitrile butadiene styrene
(ABS) materials. The industry's major players, 3D Systems and Stratasys, evolved through

strategic acquisitions. [8,12]

Selective laser sintering (SLS), a breakthrough that made metal prototyping possible (now a
days mostly used for printing of polymers and ceramics), was separately introduced by Drs.
Carl Deckard and Joe Beaman at the University of Texas in the mid-1980s. Additionally, the
Massachusetts Institute of Technology (MIT) introduced inkjet 3D printing, or 3DP, in the early
1990s. Z Corp acquired the license for 3DP, later acquired by 3D Systems in 2012, solidifying
their position with associated patents and licenses [13]. Although the construction of a 3D
printing is very complex, the figure 1 gives a brief description of how they were assembled in

the early days.

Figure 1: 3D printer being assembled in early stages.[14]
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2.2 Process of 3D printing

Numerous 3D printing (3DP) processes exist today, utilizing a diverse range of materials like
wax, plastics, and metals. Stereolithography (SLA), Selective Laser Sintering (SLS), and
Fused Deposition Modeling (FDM) are three of the most extensively utilized 3DP techniques.
Despite the diversity in processes, they share a common approach, forming solid objects using
liquid, powder-based, or solid materials.[15,16] The fundamental 3DP process involves the

following steps:

(1) Create a Computer-Aided Design model.

(2) Convert the CAD model to the Standard Tessellation Language (STL) file format,
(3) By slicing the STL file into layers with two dimensions,

(4) Grow the prototype,

(5) Clean and finish the printed part.

(6) After 3D printing the product gets the desired results according to the (CAD) model.

2.2.1. How 3DP works

In the realm of additive manufacturing, specifically within the framework of Fused Deposition
Modelling (FDM) or Fused Filament Fabrication (FFF), objects are crafted through the
incremental addition of material. Visualize a 3D printer as akin to a meticulous glue gun: it
heats a thermoplastic filament to around 200°C, liquefying it, then meticulously deposits it
layer by layer to construct the desired object. This process mirrors the functionality of a
household glue gun, where liquefied glue is dispensed and solidifies upon cooling to form
shapes. In FDM/FFF printing, the melted filament is extruded in a circular pattern, gradually
accumulating layers on a flat substrate, termed the build plate. Once cooled, the molten plastic
solidifies into a cohesive structure. Precision in layer deposition is maintained through
computer-guided instructions, derived from a digital design file, ensuring accuracy and fidelity
in the printed object's construction [14]. The working of 3D printer can be understood by the

figure 2 in which the development of polymeric bottle is explained in a simple way.
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The extruder pushes As the material exits the Over time, the 3D form
the filament through the nozzle, it cools and will begin to take shape.
hot end of the nozzle hardens onto the build Once the last layer is
which then melts the plate. Subsequent layers deposited, the 3D print
filament into very thin then bond to the previous is ready to be removed
layers. layer below. from the build plate.

Figure 2: 3d Printing method to make a plastic bottle.[14]

2.3. Types of 3D printing

2.3.1 Fused Deposition Modelling

Fused Deposition Modeling (FDM) is a widely understood form of 3D printing, known for its
simplicity and common usage. In FDM, a continuous filament of thermoplastic material is
heated and extruded through a moving, heated print head, layer by layer, to build a 3D part.
The most frequently used thermoplastics in FDM are ABS (acrylonitrile butadiene styrene) and
PLA (polylactic acid), both capable of melting and resolidifying.[17]

Typically, FDM printers follow a Cartesian print engine setup, using basic X, Y, and Z

coordinates to create printed objects. Two common types are the MakerBot style, with a fixed
X andY printhead and a movable Z print bed, and the "RepRap" style, featuring a fixed X axis,
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a Y axis controlled by the moving print bed, and a vertically movable Z axis. Another distinct
An FDM printer arrangement known as a delta printer has the printhead hung on three arms
that move it along vertical supports while the print bed stays in one place. This configuration
allows the printhead to move freely in three dimensions, resembling the control mechanism
used in flying cameras during NFL games [18,19]. Fused Deposition Modelling is a versatile
3D printing technique used to produce a wide range of parts and components. Examples
include prototypes, functional parts like gears and brackets, tooling and fixtures for
manufacturing, medical devices such as prosthetics and surgical guides, aerospace
components, automotive parts, and architectural models. FDM's flexibility makes it valuable
across industries for rapid prototyping, custom production, and tooling applications. Figure 3
represents FDM printer which is equipped with a single extruder that can handle various
filament types, including PLA, ABS, PETG, and more

Figure 3: A common FDM 3D printer.[18]
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2.3.2 Stereolithography

Stereolithography (SLA) is an additive manufacturing process that utilizes a vat of liquid
photopolymer resin and a UV laser to build objects layer by layer. The process begins with a
platform submerged in the liquid resin. A UV laser selectively solidifies the resin in a pattern
determined by the 3D model, tracing the cross-section of the object's first layer on the surface
of the resin. Once the layer is complete, the platform moves down by a single layer thickness,
and the process repeats, with the laser solidifying subsequent layers until the entire object is
formed. Finally, the completed object is raised out of the vat, and any excess resin is drained
away, leaving behind a fully formed 3D print ready for post-processing. While theoretically
limited by layer thickness, practical considerations often lead to the use of thicker layers to

reduce building times and costs.[18,20]

Additive manufacturing through SLA offers significant design freedom, allowing the creation of
complex internal structures in a single step without additional tools. SLA's ability to produce
clear and transparent objects facilitates the assessment of internal features. The combination
of individual parts into larger assemblies is easily achievable, overcoming the limited

construction space of an SLA system, thereby not impeding product development. [19]

Stereolithography printing employs a light-sensitive resin and lasers, solidifying liquid resin
layer by layer to create 3D objects. Unlike the common Fused Deposition Modeling (FDM),
SLA excels in printing fine details due to its crystallization process and laser precision.
However, limitations include a restricted color range for available resins and potential vendor
control over consumables, posing concerns about competition in the market.[21,22]. In
addition to resin, alternative materials used in stereolithography (SLA) include ceramics,

metals, composites, and biomaterials.

Stereolithography (SLA) finds application in various industries for rapid prototyping, product
development, and manufacturing of high-detail parts with intricate geometries. Common
applications include automotive and aerospace prototyping, dental and medical device
production, jewellery design, and engineering components. SLA's ability to produce parts with
fine details, smooth surfaces, and tight tolerances makes it ideal for creating functional
prototypes, customized medical implants, intricate models, and small-scale production runs.
Additionally, SLA is often used in the production of investment casting patterns and Molds for
metal casting processes due to its high accuracy and surface finish [18,21]. Figure 4 explains

the process of SLA in a very elaborative way.
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Figure 4: A schematic of stereolithography process for fabrication of biodegradable products.[22]

2.3.3. Selective Laser Sintering

Selective Laser Sintering (SLS) stands out as a powder-based additive manufacturing
technology utilizing laser energy to melt and fuse polymer powders layer by layer, forming 3D
printed parts based on digital model data. Recognized for its cost-effectiveness and capacity
to produce large parts with robust mechanical strength, SLS finds applications in aerospace
for rapid prototyping and direct digital manufacturing of noncritical components. Materials like
glass-filled nylon and Nylon 12 are commonly employed in SLS fabrication for specific
properties, such as heat resistance in engine compartments and flexibility in ducts and airflow

components.[23]

SLS, a type of powder-bed fusion (PBF) process, operates by using high-energy lasers to
selectively fuse powdered substrates layer by layer. This method, like stereolithography, offers
total support for intricate geometries, allowing the use of various materials, including
thermoplastics, steel, aluminum, titanium, and other metals and alloys. SLS-printed parts can

be used directly in engineering projects since they exhibit strength that is on par with solid-
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cast components. In SLS printing, layer height and resolution are dictated by powder
resolution, with an average layer height of approximately 0.1 mm. A related technology,
electron beam melting (EBM), employs high-energy electron beams for melting powdered
metals, providing even higher precision with layer heights as small as 0.05 mm [18,24]. Figure

5 represents a typical SLS printer.

\M
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Figure 5: A SLS 3d printer.[25]
2.3.4. Laminated Object Manufacturing

Laminated Object Manufacturing (LOM) is a process that builds items by laser-cutting sheet
feedstock along tool path-defined shapes. In ceramics, this entails stacking ceramic tapes that
have been sprayed with a solvent to promote adhesion as feedstock. The tape is cut by a laser
in accordance with the tool path, and it is thermocompressed by a hot roller. The last portion
is cut by hand by cutting the crosshatched area after the excess tape outside the build contour
has been crosshatched. Powder-filled sheet feedstock is laser-cut using a low-power CO2
laser in a comparable process called Computer-Aided Manufacturing of Laminated
Engineering Materials (CAM-LEM).The cut sheets are robotically stacked, and postprocessing
yields a fully dense functional component using materials like alumina, Lead zirconate titanate,

silicon nitride, and stainless steel.[26,27]
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Using metallic sheets and a targeted energy source—typically a laser or ultrasonic—laminated
object manufacturing (LOM) binds precisely cut metal sheets into three-dimensional objects.
Diffusion bonding is accomplished using ultrasonic waves and mechanical pressure at room
temperature in ultrasonic additive manufacturing (UAM) or ultrasonic consolidation (UC). The
metallic sheets are cut to the desired shape and bonded layer by layer without melting.

Detailed finishing can be achieved by optionally applying polishing.[28]

Laminated Object Manufacturing is another creative method that uses thin materials, such as
paper or plastic sheets, that are shaped, sliced, and then attached using glue. For example,
the printer from Mcor Technologies uses regular copy paper as substrate; it cuts each sheet
individually into the desired form and laminates it with paper glue. This cost-effective method
allows for full-colour 3D prints from readily available and inexpensive materials like paper, ink,

and glue [18] Figure 6 explains the process of sheet lamination process.

Figure 6: Schematic of a sheet lamination Process. [28]

Some of the techniques used for 3D printing of metals are Selective Laser Melting (SLM) or
Laser Powder Bed Fusion (LPBF) uses a high-powered laser to selectively melt a metal
powder, creating parts layer-by-layer. Wire Arc Additive Manufacturing (WAAM) is a form of
Directed Energy Deposition (DED) 3D printing that deposits metal in wire form using an electric
arc as the heat source. Binder Jetting is another method where a liquid binder is selectively
applied to join powder particles, layer by layer. Electron Beam Melting (EBM) is a 3D
manufacturing process where a powdered metal is melted by a high-energy beam of electrons.
Each of these methods has its own advantages and is suited to different applications,

depending on the specific requirements of the part being produced.
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2.4. Applications

2.4.1. Aerospace Industry

3D printing technology introduces unprecedented design freedom and innovation in
component and production processes. Within the aerospace industry, it holds immense
potential for creating lightweight parts with enhanced and intricate geometries. This capability
not only reduces energy requirements but also optimizes resource utilization, aligning with
sustainability goals. Additionally, the application of 3D printing technology in aerospace
enables significant fuel savings by minimizing the material needed for manufacturing various
components. Notably, this technology has found practical use in producing spare parts for
aerospace components such as engines, which often require frequent replacement. The

adaptability of 3D printing addresses the challenges of procuring spare parts efficiently.[29,30]

In the aerospace sector, nickel-based alloys are particularly favored when employing 3D
printing technology. This preference arises from the alloys' desirable properties, including high

tensile strength, resistance to oxidation and corrosion, and robust damage tolerance.[31]

2.4.2 Automotive Industry

The rapid evolution of 3D printing technology has brought transformative changes to the
automotive industry, revolutionizing the design, development, and manufacturing processes.
The utilization of 3D printing techniques has ushered in a new era characterized by lighter and
more intricate structures produced in a significantly faster timeframe. A notable example is
Local Motors, which achieved a milestone by manufacturing the world's first 3D-printed electric
car in 2014. Expanding its applications, Local Motors further demonstrated the versatility of
3D printing by producing OLLI, a driverless, electric, and recyclable 3D-printed bus. Ford has
also emerged as a leader in employing 3D printing technology, utilizing it to produce prototypes
and engine components. Additionally, BMW leverages 3D printing for creating hand-tools used
in automotive testing and assembly, while AUDI collaborated with SLM Solution Group AG in
2017 to manufacture spare parts and prototypes. [32,33]. Figure 7 represents 3D printed parts

used in Audi cars.
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Figure 7: Water connectors of Audi W12 engine produced by 3D printing.[32]

2.4.3. Food Industry

3D printing technology has also found its application in the food industry. The current trend is
marked by a rising demand for the development of customized food catering to specific dietary
requirements, including those of athletes, children, pregnant women, and patients. These
groups often necessitate varying nutrient levels, with a focus on reducing unnecessary
ingredients and increasing the presence of healthy components.[34] The intricate and
inventive development of customized foods is facilitated by the adoption of 3D-food printing,
a process known as food layer manufacture. This method involves the deposition of
successive layers based directly on computer-aided design data. Through 3D printing
technology, specific materials can be mixed and processed into diverse and complex
structures and shapes. Various food items, ranging from sugar and chocolate to pureed foods,
as well as flat items like pasta, pizza, and crackers, can be crafted with novel and appealing

designs.[35] Figure ( gives examples of some typical example of 3D printing in food industry.
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Figure 8: 3D printed mashed potatoes.[35]

2.4.4. Medical Industry

3D printing technology presents a cost-effective solution for replicating the natural structure of
skin, offering a valuable alternative for testing pharmaceuticals, cosmetics, and chemical
products without the need for animal skin testing. This approach enhances accuracy in
research outcomes by utilizing replicated skin. [36] Utilizing 3D printing technology for drug
printing enhances efficiency, enables accurate control of droplet size and dose, ensures high
reproducibility, and facilitates the production of dosage forms with complex drug-release
profiles.[37] In the medical field, 3D printing technology proves effective in printing cartilage
and bone to address bony voids resulting from trauma or disease. This treatment approach
differs from using autografts and allografts as it focuses on generating, maintaining, or
improving bone function in vivo.[38] Furthermore, 3D printing technology finds application in
replacing, restoring, maintaining, or improving tissue function. The replacement tissues
produced through 3D printing exhibit an interconnected pore network, biocompatibility,
appropriate surface chemistry, and favourable mechanical properties. Moreover, 3D printing
technology can be employed to recreate organs that have failed due to critical issues such as
diseases, accidents, and birth defects.[39] Figure 9 gives an example of medical implant

manufactured using 3D printing.
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Figure 9: 3D printed teeth aligner.[40]

Chapter 3

ADHESION
3.1. What is adhesion?

Adhesion takes place when two substrate surfaces are joined together in a fashion that they
resist separation and the material used to perform this action is known as adhesives, these

materials can be used for various purposes as follows:

¢ Joining materials that are not similar and are of different nature.

e Joining thin sheets that can be of same material or different materials.

e It can be used to improve distribution of stress and enhance the flexibility of a
design.[41]
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3.1.1. A brief history

Over time, the use of glues has evolved significantly. In ancient civilizations, such as Egypt,
glues were employed in veneering, as seen in Tutankhamun's artifacts. The ancient Greek
word "Kohha," meaning glue, gave rise to the term "colloid." Until the 19th century, glues were
primarily derived from plants and animals, with animal glues based on collagen and plant-
based glues from sources like corn, wheat, potatoes, and rice. In the 20th century, synthetic
chemicals became dominant, and "adhesive" replaced "glue" [42].Adhesives, now derived
from synthetic sources, have become integral in manufacturing processes, often replacing
traditional joining methods. For instance, adhesives like hot melt, vegetable glues, and
emulsions have supplanted staples in cardboard box production. Footwear construction,
excluding handmade shoes, relies on adhesives like hot melt for basic assembly, natural
rubber latex for linings, and polyurethanes or polychloroprene for sole attachment.

Bookbinding has transitioned to hot melt adhesives.[42]

3.1.2. Basic Properties

An adhesive is a material that, when applied to the surfaces of other materials, can effectively
join them together and resist separation. The terms "adherend" and "substrate" refer to the
bodies or materials to be bonded by the adhesive. Key terms associated with adhesives
include shelf-life, indicating the duration an adhesive can be stored before use, and pot-life,
representing the maximum time between final mixing and application. Fundamentally, an

adhesive must accomplish two primary objectives:

o Wetting Surfaces: Achieving optimal adhesion necessitates the adhesive effectively
spreading and forming intimate contact with the surfaces, as depicted in Figure 10.
This process aims to minimize the contact angle(measure of the angle formed at the
intersection of a liquid droplet's surface and the surface of a solid substrate on which
it rests), approaching zero, facilitating close interaction between the adhesive
molecules and the surface atoms and molecules.[42,43]

e Hardening into a Cohesively Strong Solid: Following application, the adhesive
transitions from a liquid to a robust solid through different mechanisms such as
chemical reactions, solvent or water evaporation, or cooling (applicable to hot melt
adhesives). It's important to note that pressure-sensitive adhesives retain their sticky
properties permanently post-application. These adhesives are widely employed in

products like sticky tapes and labels.[42,43]
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Figure 10:Top: Liquid droplets exhibiting both high and low contact angles on a flat, solid surface. Center: A high
contact angle resulting in a spread of 110 degrees on a rough surface. Bottom: Wetting observed on a rough

surface.

3.2. Types of adhesion

3.2.1. Physical adhesion

Physical adhesion or bonding is a constant presence. While van der Waals forces are found
at every interface, they are often reinforced by stronger bonds, such as those originating from
permanent dipoles, in addition to van der Waals induced dipoles. For instance, in the presence
of water between two glass slides, the permanent dipoles enable hydrogen bonding at the
interface. However, such bonding does not occur with materials like polyethylene or other

polymers that lack hydrogen-bonding partner sites.[44]

3.2.2. Chemical adhesion

Chemical bonding encompasses various possibilities, including covalent, ionic, metallic, and,
in certain instances, chelation bonding. While cohesion within materials like gold leads to a
seamless interface due to self-bonding of surface atoms, the scenario becomes more complex

for dissimilar surfaces, such as metal-ceramic and polymer—polymer interfaces. In these
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cases, achieving robust chemical bonding and high interfacial strengths is often

challenging.[45]

Efforts to promote chemical adhesion often involve innovative approaches, such as the use
of organo-silane coupling agents. Despite the potential for chemical or chelation reactions,
many moieties involved do not yield substantial chemical bonding. Instead, their primary role
is to significantly enhance phase wetting and improve material adaptation along interfaces.
The pursuit of chemical adhesion in dental materials applications has been ongoing for
decades. However, challenges arise due to the difficulty of eliminating contaminants that
impede the necessary intimate adaptation for bond formation. Additionally, the theoretical
bond densities in such scenarios tend to be relatively small, often overshadowed by the

dominance of mechanical bonding.[45]

3.3 Theories of adhesion

Our understanding of adhesion mechanisms remains incomplete, and the current literature is
rife with various theories. Frequently, advocates of each theory present their hypotheses as
all-encompassing explanations for adhesion, dismissing alternative viewpoints. The confusion
in this field is likely exacerbated by the inadequacy of commonly used test methods for

assessing adhesive joint strengths, which hinders effective theoretical analysis.[41]

3.3.1 Mechanical interlocking

If a surface is bumpy or uneven, the glue can seep into those bumps before it becomes hard.
This basic concept leads to the mechanical interlocking theory, which helps glue stick well to
porous materials like wood and textiles. An example is when we use iron-on patches for
clothes. The patches have a kind of glue that turns soft when heated, and it gets into the fabric,

making the patch stick.[42]

This theory suggests that the main way adhesion happens is by the adhesive physically fitting
into the uneven parts of the surface, creating a kind of mechanical lock[41]. Mechanical
interlocking strongly depends on the surface topography and the Equation suggested by Wake
can be used to understand the relationship [46,47]. The equation 1 for joint strength reflects a
comprehensive model encompassing the constant, mechanical, and surface free components.
The constant factor encapsulates intrinsic properties of the adhesive system, while the

mechanical component pertains to aspects such as adhesive type, application pressure, and
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joint design. On the other hand, the surface free component accounts for surface properties
like energy, cleanliness, and roughness. Together, these components delineate the intricate
interplay between adhesive characteristics and surface conditions, ultimately governing the

strength and durability of bonded joints.

Joint strenght = (constant) X (mechanical Component) 1

X (surface free Component)

This equation shows that for the best results, the material being glued should have both the
right surface features (like bumps and dips) and the right chemical composition. When these

factors work together, they create the strongest bond.[48,49]

3.3.2. Diffusion Theory

Voyutskii is a strong supporter of the diffusion theory of adhesion. According to this theory, the
natural sticking together of large polymers, either to themselves (autohesion) or to each other,
happens because the polymer molecules on both sides mix with each other at the interface.
For this to work, the big molecules or parts of the polymer chains (from both the adhesive and
the surface it's sticking to) need to be able to move around easily and be able to dissolve into

each other. This happens when they have similar solubility parameter values.[50]

As a result of diffusion the boundaries of inter-defused polymers will be removed and such
type of adhesion only takes place if the polymeric chains are mobile [42]. This theory usually
explains the behaviour of polymeric materials. Figure 11 shows what happens to a material

undergoing diffusion theory.
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Figure 11: schematic of Diffusion theory.
3.3.3 Electronic Theory

When the adhesive and substrate possess distinct electronic band structures, electron transfer
is likely to occur upon contact to equalize Fermi levels. This process leads to the creation of a

double layer of electrical charge at the interface.[51]

The electronic theory of adhesion, primarily credited to Deryaguin and colleagues[51,52],
proposes that electrostatic forces resulting from contact or junction potentials may play a
significant role in intrinsic adhesion. The controversy surrounding this theory stems from its
assertion that electrostatic forces are a crucial cause of high joint strength, rather than being
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merely a consequence. Simple adhesion, originating from direct contact electrification, has

been exhibited in the case of thin metal films sputtered onto plastic surfaces.[51,52]

Another point of view by different scientists is the electrostatic theory originated from the idea
that when two metals come into contact, there is a transfer of electrons from one metal to the
other, creating an electrical double layer that results in an attractive force. However, applying

this theory to adhesives proves challenging due to the insulating nature of polymers.[42]

3.3.4. Adsorption Theory

The most accepted theory in theories of adhesion is the adsorption theory discussed in
particular ways. According to this theory, if there is intimate intermolecular contact at the
interface, materials adhere due to surface forces between the atoms on the two surfaces. The
primary forces involved in this process are typically van der Waals forces, commonly referred
to as secondary bonds. Furthermore, there is a possibility of chemisorption, leading to the
operation of ionic, covalent, and metallic bonds across the interface. These bonds are termed
primary bonds. The designations "primary" and "secondary" reflect, to some extent, the
relative strength of the bonds, as illustrated in Table |, which provides estimates of the
magnitude range of their respective bond energies [41]. Bond energy represents the strength
of chemical bonds formed between an adhesive and a substrate, while the contact angle
measures the wetting behavior of a liquid droplet on a solid surface. The connection between
bond energy and contact angle lies in their relationship to surface energy: materials with higher
bond energies typically exhibit higher surface energies, leading to lower contact angles and
better wetting behavior. Stronger adhesive-substrate bonds result in lower contact angles,
indicating greater interaction between the liquid adhesive and the substrate surface.
Conversely, weaker adhesive-substrate bonds lead to higher contact angles, indicating poorer
wetting and weaker adhesion. Understanding this relationship is pivotal for designing adhesive
systems with optimal bonding properties, ensuring strong and durable adhesion between

materials. [41]
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Table 1: Bond Energies and bond types

Type Bond energy (kJ mol ')
Ionic 590 - 1050
Covalent 63 - 710
Metallic 113 - 347
Permanent dipole-dipole

interactions

Hydrogen bonds involving

fluorine Upto42

Hydrogen bonds excluding

fluorine 10 — 26

Other dipole-dipole

(excluding hydrogen bonds) 4 — 21
Dipole-induced dipole Less than 2

Dispersion (London) forces 0.08 —42

3.4. Factors affecting adhesion

3.4.1. Interfacial contact

Interfacial contact is a prerequisite for the formation of robust adhesive junctions. It speaks
about the creation of close molecular contact at the point where the adhesive and substrate
meet. True contact with the substrate can only be made when the adhesive is able to extend
across the surface of the solid substrate and push aside impurities and air. The occurrence of
voids, which might serve as stress concentrators and damage the adhesive bond, is minimized
because to this close contact. The contact angle, adhesive viscosity, and the rate and
technique used to bring the adhesive and substrate together all have an impact on the
adhesive's capacity to wet the substrate surface and produce good interfacial contact. It's

crucial to make adequate interfacial contact for adhesion.[53]
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3.4.2. Wetting equilibria

The dynamic interaction between a liquid and a solid surface when they come into contact is
referred to as wetting equilibrium. This phenomenon involves intricate interactions between
intermolecular forces at the microscopic level, including adhesion between the liquid and the
solid and cohesion within the liquid. There are different levels of wetting that can occur when
a liquid droplet sits on a solid surface, including complete spreading (complete wetting), partial
spreading (partial wetting), and no spreading at all (non-wetting).[54]. The stresses at the
three-phase contact points (liquid/vapor, solid/liquid, and solid/vapor) are what give it its
distinctive characteristics. The Young equation can be used to quantitatively quantify the
equilibrium contact angle, which is a measure of wetting. Because they control how much a
liquid wets and spreads over a solid surface, wetting equilibria play a key role in adhesion.
The following are some ways that the contact angle and wetting equilibrium have an impact

on adhesion.[41]

Spontaneous wetting: When the liquid fully covers and extends across the solid surface, the
contact angle (8) becomes zero. This natural spreading of the liquid is beneficial for enhancing
adhesion, as it facilitates intimate contact between the liquid adhesive and the solid substrate.
This, in turn, promotes stronger intermolecular interactions and encourages effective
adherence. [55]

Non-Spreading Liquid: The liquid does not spontaneously moisten the solid surface and does
not spread easily when the contact angle (0) is greater than zero. In this instance, spreading
the liquid over the solid surface requires the application of external pressure or force. Because
it takes more effort to wet and distribute the material due to this non-spreading characteristic,
the strength and longevity of the adhesive bond may be impacted.[55] Figure 12 helps in

understanding the interfacial contact and wetting equilibria.
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Figure 12:A liquid drop in equilibrium settling on a surface. The tensions at the three-phase contact point are

indicated such that LV is the liquid/vapor point, SL is the solid/ liquid point and SV is the solid/vapor point. The

term ysv represents the surface free energy of the solid substrate.[41]

The distinction between hydrophilic and hydrophobic materials hinges on the interaction of
water droplets with a flat surface, specifically determined by the angle formed between the
droplet's edge and the underlying surface, known as the contact angle. In cases where the
droplet spreads, covering a substantial area of the surface and resulting in a contact angle
less than 90 degrees, the surface is classified as hydrophilic, indicating an affinity for water
(from the Greek words "hydro" for water and "philos" for love). Conversely, if the droplet takes
on a spherical shape barely touching the surface, creating a contact angle exceeding 90
degrees (like water drops on a hot griddle), the surface is termed hydrophobic, signifying a
resistance to water. However, the terminology extends further to encompass extreme cases,
particularly superhydrophobic and super hydrophilic materials. Although the definitions of
these terms are somewhat less precise, surfaces where tight droplets form a contact angle of
more than 150 degrees are considered superhydrophobic. Conversely, surfaces that cause
droplets to spread nearly flat, exhibiting a contact angle of less than approximately 20 degrees,
are classified as super hydrophilic.[56] Figure 13 represent how the drop behave on

hydrophobic and hydrophilic surface.
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Figure 13: Contact angle of hydrophobic & hydrophilic surfaces. [56]

3.4.3. Surface Energy

Surface energy provides a direct measure of intermolecular forces. The attraction between
molecules in the bulk material and those at the surface generates tension in the surface layers.
This attraction causes a reduction in the number of molecules at the surface, leading to
increased molecular spacing. When the system returns to its original state, this spacing
increase necessitates the input of energy.The most prevalent type of physical surface
attractive forces is van der Waals forces. Dispersion forces, also called London forces, arise
from internal electron movements unrelated to dipole moments. Polar forces, or Keesom
forces, result from the alignment of permanent electric dipoles and the induction effect of
polarizable molecules. While dispersion forces are generally weaker than polar forces, they
are present in all materials. Additionally, hydrogen bonds form when a hydrogen atom is
attracted to a smaller, highly electronegative atom like fluorine, oxygen, or nitrogen,

representing another influential force at play.[41]

Surface energy is fundamentally defined as the additional energy linked to the existence of a
surface, expressed in terms of energy per unit area. In formal discourse, it is crucial to
recognize that surface energy can be elucidated in connection with either Gibbs' G or

Helmholtz's F free energies. Surface energies play a pivotal role in understanding the
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formation of adhesive bonds. Adhesion necessitates the establishment of contact between
phases 1 and 2, leading to the bond formation. Typically administered in liquid form, the
adhesive adheres to the solid surface, and Young's equation establishes a relationship

between the contact angle 8 and the respective surface energies. [57]

Y1v = Y12 + V2»Cos6 2

where v refers to the vapor in equilibrium with the solid (1) and liquid (2)

Solid surfaces can be divided into low- and high-energy categories. Polymers are an example
of an organic compound in the primary group. In most cases, their surface free energies is
lower as compared to the second category that encompasses metals, metal oxides, and

ceramics, characterized by significantly higher surface free energies.[58]

In a recent investigation, Dann revisited the empirical findings put forth by Zisman, revealing
a noteworthy revelation. Dann's study involved the assessment of contact angles of both
homologous and non-homologous liquid series on diverse polymeric surfaces, leading to the
identification of distinct values for the critical surface tension, yc. Notably, Dann demonstrated
that when employing a liquid series solely governed by dispersion forces, the critical surface
tension aligns with the dispersion force component of the solid's surface free energy.
Consequently, Dann introduced an approach for the determination of the surface free energy
of the solid.[62]

Huntsberger's research highlights that effective adhesives don't solely rely on having a
minimal or non-existent contact angle with the substrate. The significance of wetting as a
dynamic process is underscored by Huntsberger's findings, as they indicate that while
thermodynamics might indicate successful molecular interaction, the kinetics of wetting can

ultimately play a pivotal role in determining adhesion quality.[63]

3.4.4. Air Entrapment

During the preparation of joints using structural film adhesives, the presence of trapped air
can lead to a range of unfavourable consequences. Initially, a minute air layer can become

trapped between the adhesive and the glass substrate. Under the influence of rising
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temperature during the curing process, this trapped air might coalesce into bubbles, eventually
displacing into the adhesive layer. However, the effective displacement of air voids might be
hindered if the adhesive does not attain the required fluidity during the heat curing stage or if
it exhibits a contact angle greater than zero on the substrate surface. These air spaces may
serve as stress raisers and possibly lessen the adhesive joint's peel strength. The joint can be
bonded under extreme hydrostatic pressure in an autoclave or utilizing a "vacuum release"
approach to remove air spaces. The vacuum release procedure entails beginning the cure in
a vacuum and then releasing the vacuum when the resin's viscosity is at its lowest

temperature.[64]

3.5. Surface Roughness

Surface roughness is a critical parameter that significantly influences both adhesion and
wettability of materials. The term "surface roughness" refers to the microscopic irregularities
and variations in the topography of a material's surface. These surface features play a pivotal
role in dictating how a material interacts with other substances, especially in terms of adhesion
and wettability.[65]

Virtually no actual surface is perfectly smooth at a sub microscopic level. Real-world surfaces
commonly exhibit noticeable roughness, and even silicon wafers, meticulously polished for
use in the semiconductor industry, reveal roughness at the sub nanometre scale [66]. The
significance of surface roughness in adhesion lies in its ability to diminish the contact area
between interacting bodies, resulting in a notable reduction in interaction. While surfaces may
exhibit roughness across various length scales, it is the nanoscale roughness that ultimately

governs the strength of adhesion due to the short range of van der Waals interaction.[67]

The adhesion mechanism between surfaces depends upon the type of roughness those
surfaces have, same materials can have different adhesion phenomena, depending on the

surface design they have, the figure 14 will elaborate better.



35

TYPE 1 : rough polyurethane-rough steel (similiar location)

[5

TYPE 2 : rough polyurethane-rough steel (different location}

E

TYPE 3 : rough polyursthane-smaoth steel

E

TYPE 4 : smaoth polyurethane-rough steel

i

TYPE 5 : rough polyurethane-rough steel (structural adhesicn)

[

Figure 14:steel and polyurethane interfaces.

There are several different roughness parameters but those used in the scope of thesis are

defined below:

Ra: The roughness average, Ra, is calculated as the arithmetic mean of the absolute values

of the ordinates in the roughness profile.[68]

Rq4: Root mean square roughness (Rq) is obtained by taking the square root of the sum of the

squares of individual heights and depths measured from the mean line.[69]

R:: The calculation of R; involves measuring the vertical distance from the highest peak to the
lowest valley within five sampling lengths and then averaging these distances. Rz specifically
considers only the five highest peaks and the five deepest valleys. Consequently, extremes

exert a more pronounced influence on the ultimate value.[70]
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Chapter 4

MATERIALS & METHODS

This chapter demonstrates the materials and equipment used, also an explanation of the setup
is given. The surface properties of 3D printed samples was analysed in this thesis using the

following methods that will be described in this chapter.

4.1. Sample Categorization

e Some samples provided by the industry were taken from used specimens that were
having the problem to be diagnosed.

¢ Some fresh samples were provided by the industry to have a comparison with the used
ones.

e The samples provided had different coating or no coatings, for example, the same
material had three different coatings, Coat 1, Coat 2, Coat 3, or as received sample.

o Samples of the samples with the same nature, coating but with different post-
processing were provided by the industry for example treated with sulfuric acid or the

same material treated by nitric acid.

4.1.2. Coding the samples

An number of samples provided by the industry were 70 and most of them had similar nature,
with different coating, surface finish and some different features, so to avoid the confusion, a
coding technique was adopted to represent the samples, which is described in the following
table 3. For example,Grey soft material that is perforated and total perforation is 25% of total

volume of that sample, post processing number 5 is applied on this sample has name SGI©q

Table 2:coding table

Hybrid material;= Y perforated 12 % + no contour=V
Hybrid material, =a perforaed 12 %, thick plate=M
soft materials white = SW 25% perforation= |
soft Material grey= SG Porous= O
Hard materials= H As received sample=0
unused samples= N Simple Cleaning= 0y
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used sample= U

Post processing No. 1= 0,

No coating=T

Post processing No. 2= 0,

coat 1= A Post processing No. 3= 6;

coat 2= B Post processing No. 1+e i’ost processing No. 2=

ek = Post processing No. 1+e Post processing No. 3=
COAT 4=D Post processing No. 3-*-e lz)ost processing No. 3=

soild surface= Q

Post processing No. 1+ Post processing No. 2+
Post processing No. 3= 05

12% perforation= R

Post processing No. 1+ Post processing No. 4=
O3

Post processing No. 5= 09

These samples were given code names according to the above table 2 which made the

categorization very easy and simple.

4.2. Sample Preparation

Most of the samples provided by the industry were ready to use, but some of them needed to

be cut and then cleaned. Figure 15 shows some sample that needed to be prepared before

analysis.

Figure 15: Sample provided by the industry that needed preparation.
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The equipment used to cut these samples was Struers Discotom-10 and Accutom-100. After
cutting the sample, the ultrasonic cleaner was to clean the samples. The alcohol used in this
process was ethanol, after the ultrasonic cleaner, the samples were left to try at room
temperature. Figure 16 represents the samples that did not need to be prepared and were

ready to be analyses.

Figure 16: sample after cutting to be used for analysis.

Most of the samples did not need to be prepared, they were already in the correct size and

dimensions to be characterized. Figure 17 represents of these kinds of samples.
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Figure 17: Industrially unused sample ready for analysis.

4.2. Characterization Techniques

Droplet shape analyzer was used for the analysis of the surfaces, Optical profilometer, Stereo
microscope andoptical Field emission scanning electron Microscopy (FESEM). The surface
features were revealed using the stereo microscopy and in-depth analysis of required samples
was done using FESEM, the surface roughness values were measured using optical

Profilometry and droplet shape analyzer was used for measurement of static contact angel.

4.2.1. Droplet shape analyser (DSA)

The assessment of surface hydrophobicity relies on the static water droplet contact angle as
a key criterion. In this study, wetting characteristics were investigated using a droplet shape
analyzer (KRUSS DSA100) to measure static contact angles. Figure 18 is representing the

DSA equipment.
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Figure 18:The schematic of droplet shape analyzer [71]

Figure 20 illustrates the primary logic of the experiment. A syringe was employed to generate
a water droplet (using ultra-high purity water from MilliQ, Millipore Corporation, Burlington, MA,
USA) on the surface. The droplet was illuminated from the side opposite to the camera, which
captured images. Contact angles were determined using the ADVANCE software by KRUSS
Scientific. The software detects the droplet, selects the most appropriate fitting method, and

automatically provides results upon method selection.

Contact angle (CA) values were determined using the standard sessile-drop method within a
humidity and temperature-controlled environment (+23 °C and 50%2% humidity). Nine
measurements were conducted for each sample, involving the placement of a 4 mL water
droplet on the sample surface. The reported result represents the average contact angle

calculated from the measurements of nine droplets for each sample type.

4.2.2. Optical Profilometry

To measure the surface roughness and to examine the surface topography of sample provided
optical profilometer (Alicona Infinite Focus G5, Alicona Imaging GmbH, Raaba, Austria) was

used. The roughness parameters from selected region as shown in the figure 10 were
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obtained. Ra is average roughness, Rq is the root mean square average of the profile heights

over the evaluation length, Rz is Average Maximum Height of the Profile. Figure 20 shows the
setup that was used for these measurements.

Figure 19: The representative surface from where the parameters were calculated.

Figure 20: Alicona Profilometer used for measurements.
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4.2.3. Stereo Microscope

A stereo microscope (Leica MZ75 M, Wetzlar, Germany) was used for preliminary surface
inspection, it is very helpful when initializing a surface analysis process because it gives an
idea how to proceed with research, it helps in understanding the surface features and also
gives an idea of which surface detail should be focused in more detail using a more powerful
microscopy technique. Figure 21 represents the microscope that used for the research in this

thesis.

V—
—
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»n
—
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Figure 21: Stereo microscope used for surface analysis.

4.2.4. FESEM

The surfaces were examines using field emission gun scanning electron microscopy Zeiss
ULTRAplus (Zeiss, Oberkochen, Germany). To receive better Quality images and reduce the
charging, aluminum sample holder was used to hold the sample using carbon glue and the
surface was carbon coated. FESEM was operated using secondary and backscattered

electron detector at high vacuum conditions.
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Chapter 5

RESULTS & DISCUSSION

In this chapter results will be represented and discussed, consisting of surface characteristics,
surface roughness and wettability of the surfaces. How all these factors affect the adhesion,
different surfaces have different features which can eventually enhance adhesion or decrease
it.

5.1 Microscopy of Surface

Stereo Microscopy was mostly used for the surface analysis of the samples. This technique
gives a preliminary approach, how is the surface and what are the most prominent features of
the surface. The figure number 22 represent the surface images of the sample SGUQ®, in

this figure the sphere shape of the particles can be seen and the gap between the particles,

the black area in this figure shows the gap between the particles.

Figure 22:Stereo microscopic images at different scale for the sample SGUQ®.
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Figure 23 are the surface images of the SGQOy which is the same soft material as discussed
above, the only difference is the number of pores introduced on the surface, we can clearly
see that the addition of pores decreases the gap between the particles, but otherwise the
surfaces have almost the same features.

5
*

Figure 23:Stereo microscopic images at different scale for the sample SGQ6q,

we can assume from the images above that there are particles which are sphere shaped,
which can be because feedstock powder used in this process which has smooth spherical
morphology, the reason for this can be attributed to the dissolution-precipitation preparation
process. [72]

Stereo microscopy offers valuable benefits for surface analysis, providing depth perception, a
wide field of view, and ease of manipulation. With its low to moderate magnification range,
stereo microscopes excel at observing surface features in various fields such as biology,
materials science, and manufacturing. The versatility of stereo microscopes enables real-time
observation of dynamic processes and non-destructive analysis, while built-in imaging
systems facilitate documentation and further analysis of surface structures. Overall, stereo
microscopy serves as a powerful tool for detailed surface examination and plays a vital role in
scientific research and industrial applications. Furthermore, to evaluate the spherical shape of
the particles on the surface a more powerful optical microscope was used which produced the

images with much higher magnification and much more clarity as shown in the Figure 24.
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Figure 24: optical microscopy of SGUQ® using Alicona profilometer at different magnifications.

The SGUQO exhibited irregularly interconnected pores, primarily concentrated in its central
region. The unusual formation of these interconnected pores can be attributed to the
evaporation of the aqueous solvent present in the fusing agent deposited within the printed
block.[72]

The material whose images are shown above had no porosity, when the same material but
with different percentage of porosity was examined, it was observed that that the distance
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between the spherical particles on the surface is decreased, seems like with the increase in
the percentage of pores the spherical particles are becoming more confined. Optical
microscopy is a powerful technique that can be used to study pores in depth. The soft
materials, which were grey in color, were easy to analyze compared to materials with white
surfaces. Additionally, hard materials had light grey surfaces, but their shiny surfaces made
them difficult to analyze. The comparison between no porosity, medium porosity and high

porosity is shown in figure 25.

Figure 25: images a) &b) represents material with no porosity, ¢) &d) represents medium porosity, e) &f)

represents higher porosity.
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Optical microscopy offers high-resolution imaging, versatility in techniques, and real-time
observation capabilities, making it valuable for studying samples and dynamic processes in
various fields. However, optical microscopy has limited resolution compared to electron
microscopy, may require specialized sample preparation, and faces challenges with depth of

field and sample penetration, particularly in thick or opaque specimens.

Now the microscopic features of SWQBR will be discussed, it is the same material that is
shown as above the major difference is that it is manufactured using a different 3D printing
technique which eventually gives the material white colour. The figure 26 shows the images
taken using stereo microscopy in which the small black pores can be seen on the surface of

the material which are common feature of these kind of materials.

Figure 26: The pictures taken at different magnification from low a) to highest d)

As it can be seen through the surface analysis that there are some other pores on the surface
rather than only the big pores easily visible in a) and b), but when the sample was examined
under higher magnification, some other pores start getting visible which are unwanted and can
be a defect of this manufacturing method. To further verify these pores a microscope with

higher magnification power was used which are shown in figure 27.
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d)

Figure 27:Pictures taken at higher magnification using alicona profilometer.

The images of Figure 27: a), b), c), d) clearly shows the pores that were slightly blur in the
images taken from stereo microscope but to further confirm the presence, scanning electron

microscopy was used and the Figure 28 represents the images taken with the help of FeSEM.
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Figure 28: SEM images SWQBR at different magnifications.

After observing the images taken from scanning electron microscopy, it can be assumed that
there are unwanted pores present on the surface of material and it is common in every variant
of same material produced by this method. These small pores are present on the surface of
the material produced by this method irrespective of percentage of the required pores, these
are present on solid surface, similarly these are present on porous irrespective of the
percentage of porosity. Whiles examining these pores some other surface defects were

discovered which are shown in figure 29.
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Figure 29: SEM images of defects on the surface of SWQBR.

The defects on images a) and b) can be because of the printing process because in this case
these are un-melted powder particles[72] or these can be because of post processing
treatments, for example, bombardment of hard particles with very small diameter can cause
this on the surface. Secondly, there are cracks visible in images b), ¢) and d), apparently there
can be several reasons for it stress, incomplete bonding of powder particles or some other
factors, which need to be studied in further detail that is out of scope for this thesis. The grey

soft materials have better surface finish as compared to white soft materials [72].

Many hard materials which were manufactured with different printing techniques were also
examined, some were used samples and some fresh. Most of the hard materials had shiny
surfaces, which were always difficult to analyze. They exhibited high values of roughness in
general, and some unwanted pores that could be because of manufacturing method.
Additionally, the post-treatment was influential in how the surface appeared under microscopy.
Hard materials have solid surfaces, perforated surfaces, and porous surfaces, but all were
same materials manufactures by same printing method. Surface science of these materials
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varied in a way that they have different coatings and different post treatment methods. HURT©

is shown in the figure 30.

Figure 30: stereo microscopic images of HURT®.

In both images a) and b) of figure 28 respectively show some white fibre attached to the
surface of HURT®, this is because of unwanted sticking during the industrial process.
Furthermore, a common property of these types of surfaces is partially melted powder particles

are attached to the surface.[73], which is also can be verified by the figures 29.

Figure 31: optical microscopic images of hard materials taken by Alicona profilometer.
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By comparing the images represented in the figure 29, one thing that can be observed on
every surface is spherical particles, which are assumed to be partially melted powder particles
as mentioned before.[73] or this can be because of different post processing techniques. In
some common techniques used by industry is to remove the unwanted powder from the
surface, it is bombarded with a harder material at a specific speed and because of this impact
it is possible that these voids are created on the surface. In image d) of figure 29, there can
be seen activation of slip system, this behaviour is assumed to be because surface is treated
with some acid and after it is passivated which causes this slip system to visible [74]. In the
images e) and f) the surface becomes more shinny which is usually because the surface is
polished.[75]

5.2. Surface Roughness Measurement

The surface roughness of macroscopic solid objects significantly impacts both adhesion and
contact between them. This means that the texture or irregularities on the surface of these
objects play a crucial role in determining how well they adhere to each other. Smooth surfaces
may exhibit different adhesive and frictional properties compared to rough surfaces,
influencing the overall interaction between the objects on a macroscopic scale [65,76], where
as some research empirical findings suggest that surface roughening significantly contributes
to the initial adhesion. However, its impact on the long-term durability of bonded steel surfaces

appears to be relatively minor.[77]

Surface roughness can significantly impact the contact angle, which is a measure of the
wettability of a surface by a liquid. When a surface is rough, the actual contact area between
the liquid droplet and the surface increases due to the presence of microscale or nanoscale
asperities. This increased contact area can lead to an apparent decrease in the contact angle,
making the surface appear more wettable. However, the relationship between surface
roughness and contact angle can be complex and is influenced by factors such as the
chemical composition of the surface, the surface energy of the liquid, and the scale of the
surface roughness. In some cases, surface roughness can also lead to the formation of
trapped air pockets, which can increase the contact angle. Overall, understanding the interplay
between surface roughness and contact angle is crucial for various applications, including
surface coating, adhesion, and wetting behaviour analysis. For this thesis 70 different sample

were tested with different surface nature, sometimes different surface coatings, and of different
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surface treatment, and the surface roughness Ra was calculated in guidance of the standard
ISO 4287 and showed in table 3. Alicona's software employs advanced filtering techniques
and mathematical algorithms to remove outliers and noise from the surface data, ensuring that
the calculated roughness values reflect the true surface characteristics more accurately.
Therefore, while standard deviation may still be used in some contexts, Alicona profilometry
offers a more sophisticated approach to surface roughness analysis that goes beyond simple

statistical measures.

Table 3: Roughness Ra table 0f 70 samples

Name of the Ra pm Name of the Ra pm
sample sample
SGUQBe 21.3 SWCR 23.8
HURT®O 9.5 SWCI 40.5
SWUTR® 9.0 HQO 9.0
HUOTOs 82.6 HO®© 41.9
SWUCRS® 9.2 HRO 11.6
YUe 11.1 HQO; 6.5
SWQAR 84.4 HO©; 44.8
SWQBR 9.3 HRO; 12.7
SGQBy 17.5 HQO> 6.3
SGR6y 24.2 HQB3 5.5
SGI6Og 28.1 HQO.4 9.2
SWQD 7.0 HQO, 5.6
SWRD 22.3 HQOs 1.9
SWID 25.9 HQO6 6.6
SWCQ 9.6 HIO, 11.9
HIO; 124 HRO6 9.9
HIO4 12.7 HVO2 23.6
HIO; 12.2 HVO3 20.2
HIOs 13.8 HVO4 24.6
HIOs 9.2 HVO7 20.3
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HO®: 41.2 HVE5 18.0
HO®; 40.7 HVO6 21.8
HO®, 40.3 HMO2 8.7
HO®©; 47.8 HMe3 7.7
HO®s 44.7 HMEe4 7.4
HO®s 35.8 HMEe7 9.0
HRE2 8.6 HMEe5 7.5
HRO3 7.0 HME6 8.1
HR&4 10.1 aNQ® 3.7
HRO7 6.7 aNR© 3.5
HRE5 4.2 aNI© 5.3
SGNQ©, 13.9 SWNTI® 32.3
SGNR©, 23.1 YQNO 2.3
SGNI&¢ 36.9 YRNO 5.2
SWNTQO 9.8 YIN© 7.9
SWNTRO 19.4

Those samples which had perforation especially in hard materials they showed the highest
number of average roughness of the surface, mostly all the soft material had low values of
surface roughness comparatively. Roughness is considered high when surface irregularities
are prominent and may adversely affect the functionality or performance of the component or
product. Low roughness typically refers to surfaces with minimal irregularities or smooth
surfaces. Also, in some hard materials the surface roughness values were quite remarkably
low, it is assumed that they had different surface post processing which made the surface

smoother as compared to the as received hard materials.

The samples were prepared using 3D printing method in which powders is used and as
discussed previously it is common defect that there is partially melted powder particle, which
decrease the smoothness of surfaces and are a big reason for the roughness of these 3D

printed surfaces.[78]
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5.3. Contact Angle Measurements

The water contact angle promptly provides an indication of the solid's wettability. A measured
contact angle exceeding 90 degrees indicates poor wetting, categorizing the solid as
hydrophobic. Conversely, a contact angle below 90 degrees is termed hydrophilic [79]. The
soft materials generally showed high values of contact angle, which can be attributed to their
low surface energy, while hard materials exhibited low values of contact angles attributed to
their higher surface energies. The Contact angle measurements of 70 samples was done and

result is shown in the table 4 below.

Table 4: contact angle and standard deviation for 70 samples.

Name of the Contact Standard AEIDC] Contact Standard
sample Angle® deviation LG Angle°2 deviation
sample2

SGUQB 75.6 3.9|SWCR 112.8 4
HURTO 0 0|SWCI 116.3 3
SWUTRe 0 0(HQ®e 0 0
HUOT®Os 107.0 10. [HO®© 0 0
SWUCR® 98.0 9.2|HRO 0 0
YU 73.2 8.3 | HQO 100.5 2.6
SWQAR 102.9 5.5|HO®; 0 0
SWQBR 107.9 9.9 | HR&; 0 0
SGQOy 69.9 9.5|HQB- 88.4 9.3
SGR8y 42.3 9.7|HQ©3 77.6 7
SGI6g 0 0[HQO4 71.8 4.1
SWQD 114.8 2.1|HQ6; 68.6 3.9
SWRD 120.8 3.4|HQ6s 84.0 Sull
SWID 127.8 2.5|HQBs 60.1 12.3
SWCQ 112.1 2.9|HI6: 424 22.6
HIO; 0 0| HR®Ss 51.6 9.5
HI1©, 66.6 9.8|HVE: 0 0
HI©; 38.5 20.3[HVE3 0 0
HI10s 68.5 15.4 [HVO, 0 0
RI[SH 37.8 10.4 |HVO, 0 0
HO®: 0 0[HVEs 65.2 12.1




HO®; 0 0[HVOs 0 0
HO®&, 0 0 [HMe: 0 0
HOB©; 0 0 [HM®©3 0 0
HO®s 0 0 [HM®4 93.2 22.68
HO®s 0 0 [HMe- 0 0
HRO2 88.6 13.1|HMEs 0 0
HRE3 57.23 17 [HM®s 0 0
HRO4 77.75 9.3|aNQ© 83.23 3.2
HRO7 66.72 6.7 |aNR© 88.45 9.84
HRO5 74.94 9.1|aNI© 90.09 4.57
SGNQ©, 77.99 26.05 | SWNTI© 88.73 5.38
SGNR©, 124.63 6.76 | YQN© 86.06 6
SGNI©o 129.27 6.15|YRN® 74.72 6.03
SWNTQO 105.17 4.48|YINOS 87.89 6.75
SWNTRO 89.4 7.2
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The contact angle of any materials depends on a lot of factors like nature of the material,
nature of the surface, coating on the surface and depends upon surface energy. Surface
energy plays a pivotal role in the wettability of any surface. If the surface energy is high then
the water droplet will spread and if the surface energy is lower than the liquid will not fully
spread rater, it will make a drop shape on the surface. The surface energy of metals are usually

higher than polymers.[80]

The contact angle measured in this work depended a lot on the surface, coating and conditions
in which the sample was used, such as, the material SGUQ® that is industrially used had
less contact angle as compared to the others that were fresh and not used in industry, so it is
assumed that during the use in industry this material losses it integrity or the surface nature is
changed as shown in the figure below. Those material which was super hydrophilic the contact
angle is represented by zero because during the testing, the drop injected on the surface of
the sample was not holding it shape and since it was being spread so rapidly, so no angle was
created between the sample and the surface. Figure 32 images of static contact angle

measured.
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Figure 32: a) SGUQS, b) SGNQ8y, ¢c) SGNR6o, d) SGNISo

The contact angle of SGNQB,, SGNR8,, SGNIS is much greater than SGUQO. These all
are same material, same surface treatment, but the only difference is that SGUQ® it is used
in the industrial process and other three were not used. The material is hydrophobic in nature,

but the process changes the nature of the surface and make it hydrophilic.

The generic trend of hard material was either hydrophilic or super hydrophilic. The highest
contact angel result was observed in HUOTOg which is 107.8° with 10.9 standard deviation,
the reason can be because it was industrially used so it has high probability that the surfaced
dynamics were changed and in the same sample, at different orientations the drop was not
even holding for few seconds which makes it very difficult to consider this material as
hydrophobic. The general trend in hard material was very low values of contact angle which
can be attributed to high surface but some materials that went through the industrial their
surface nature was changed, maybe it is possible that the adhered some polymeric materials

on the surface which changed the contact angle measurements.

Summary

The primary objective was to investigate the efficacy of various measurement techniques in

analyzing the characteristics of different surfaces. Specifically, the study aimed to assess how



these techniques perform when applied to both soft and hard materials, with a focus on
understanding how roughness influences contact angle measurements. By examining the
outcomes of different measurement methods across a range of surface types, the study
sought to provide insights into the suitability of each technique for characterizing diverse
materials. The most important property studied in thesis was wettability of the surface, how
the surface reacts when a small drop of pure of water is dropped. Also, the surface roughness
of sample was an important factor determining the behaviour of the surface. The relation

between contact angle and surface roughness is shown in the graph below.
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Figure 33: graph showing relation of Roughness and contact angle.

There is a generic trend seen in the results that those sample which had less surface
roughness showed good values of contact especially the sample like SWID, SGNR&, and
SGNI©y had the highest contact angle values, with comparatively smoother surfaces.
Generally, those samples which showed less contact angles also had a rough surface, but this
trend is not followed by perforated hard materials like HUOT©s, this material gave high contact

angles but at the same time they had a rough surface.
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Droplet shape analyzer may struggle with irregular or non-planar surfaces, as they rely on
assumptions of ideal droplet behavior. As for Alicona profilometers, their main limitations
include difficulties in accurately capturing extremely fine surface features, particularly on highly
reflective or transparent surfaces. Moreover, Alicona profilometers may face challenges in
analyzing surfaces with significant height variations or sharp features, as the depth of field
may be limited, leading to potential inaccuracies in the measured surface roughness
parameters. Additionally, these instruments may require relatively longer measurement times
compared to other techniques, which could be a limitation when dealing with large sample
sizes or time-sensitive analyses. The general method | recommend for this kind of study is to
start with stereo microscopy, understand the surface features, measure the surface roughness

and the contact angle measurements.

CONCLUSIONS

In this thesis seventy different sample were tested using different techniques, each had its
own importance. Stereo microscopy was extremely useful in preliminary examination of the
sample and understanding the surface giving a direction of research. The optical profilometer
was multi-functional as it provided more magnification, hence more in-depth analysis of the
surface, also it was used to measure the surface roughness of the sample which was a key
factor in understanding the behaviour of the surface. The most crucial technique used to
understand the surface of the sample was droplet shape analyser, which helped in

understanding the reaction of the surface when it was treated with a droplet of pure water.

The interaction between surface roughness and wettability is primarily influenced by the
contact angle, which is the angle formed by the liquid droplet at the point of contact with the

solid surface. This contact angle is a key indicator of the degree of wettability.

In general materials with low surface roughness tend to have a smoother and more
homogeneous surface. On such surfaces, liquid droplets typically do not spread out more
resulting in good contact angles. This scenario is often associated with high wettability or
hydrophobicity. Materials with higher surface roughness have a more irregular surface texture.
On rough surfaces, liquid droplets may form lower contact angles. This behaviour is often
linked to hydrophilicity. However, it's important to note that this relationship is not strictly linear,
and exceptions may occur. The specific characteristics of the surface, such as chemical
composition and other factors, can also influence wettability. Additionally, some materials may

exhibit unexpected behaviour, like certain perforated hard materials mentioned in above
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discussion, where good contact angles are achieved despite having a rough surface.
Understanding the interplay between surface roughness and wettability is crucial in various
fields, including materials science, biomaterials, and manufacturing, where optimizing surface

properties can impact processes such as adhesion, coating, and fluid flow.

The recommendation for further research in this field is to measure the surface energy of the
sample, assess dynamic contact angles, and analyze static contact using various liquids,
alongside understanding the chemistry of surface treatments, is crucial for gaining
comprehensive insights into surface behavior under different conditions. Surface energy
measurements provide valuable information about the interactions between the surface and
its surroundings, aiding in the characterization of surface properties and wettability. Dynamic
contact angle measurements offer insights into the kinetics of wetting and spreading
phenomena, allowing for a more thorough understanding of surface interactions over time.
Additionally, analyzing static contact angles with different liquids enables the assessment of
surface heterogeneity and chemical specificity. Understanding the chemistry of surface
treatments further enhances this understanding by elucidating the mechanisms behind
surface modifications and their effects on surface properties. Overall, integrating these
techniques provides a holistic approach to surface analysis, offering deeper insights into

surface behavior, interfacial phenomena, and material performance in various applications.
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