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Abstract

By providing the required structural modification to polymeric materials through functional
coatings, polymer-based materials (PBMs) can provide significant material functionality and
improve performance in both material design and product finishing. This added advantage may
provide extended durability, aesthetic appeal, barrier functions and improve tribological
performance to the polymer. PBMs especially additively manufactured polymers (3D printed
polymers) come with enormous physical, structural, mechanical and chemical challenges in
both design and product application phases and can only be mitigated using an integrated
surface engineering approach.

In this study, the use of a novel microwave-plasma-enhanced chemical vapour deposition
(MW-PECVD) technique has been assessed for its viability in depositing single layer diamond-
like carbon (DLC) coatings directly unto 3D printed polymers.

Before the deposition, a comprehensive assessment to understand the performance limitations
of the mechanical, thermal, pore structure and water absorption properties of all selected 3D
printed parts were made.

The Hauzer Flexicoat 850 system which houses within two microwave sources was utilized in
the DLC deposition process to offer a uniquely designed and tailored coating structure. Three
DLC coatings were developed and deposited onto two photocurable additively manufactured
polymers namely acrylonitrile butadiene styrene-like (3D ABS) and Verogray. The parameters
of particular interest for the deposition process including N,, C,H, gas flow rates and micro-
wave power input were studied to determine the effect these process variations have on the
coating architecture, structure and performance from the nano to the macro scale. Initial
adhesion testing of the coating using scratch testing showed complete coating failure at loads
<5N.

A preliminary design of experiment (DOE) approach was established as a base framework to
understand the relationship between the process parameters and coating adhesion. Further
coatings based on this design were produced to explore the variable applications and limitations
for characterising the hard-on-soft polymer-coating matrix. Coating characterisation
techniques such as scratch testing, nano-indentation, Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS) were employed to assess both the mechanical and structural properties of

the coating.
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The coating produced in this work has shown measurable mechanical and structural properties,
in particular high hardness and improved adhesion in comparison with similar DLCs reported
in the literature. The ability of the coating to provide additional functionality such as
tribological and water vapour barrier functions is assessed in this work. This study has shown

that it is viable to use DLC for both barrier and tribological applications.
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Chapter 1

Introduction

In recent times, the introduction of well-engineered materials with varied applicability and
exploitability; for example, high-temperature superconductors, graphene, diamond-like coatings (DLC)
and electrically conducting polymers are generating new and interesting challenges as well as creating
new engineering opportunities in the study of material science. The object of choice for most consumer
goods has seen a paradigm shift from the more traditional oriented applications to well advanced and
bespoke product designs. Today, almost all the products we interact with at home and in our various
offices, all fall underneath the “umbrella” of functional coated materials [1]. These coatings play an
essential role in resolving key performance issues in critical operational environments where corrosion,

wear, scratch and chemical resistant surfaces are required for optimum performance.

In the year 2011, the total output of manufactured engineering parts worldwide was valued at $11.3
trillion [2]. A major chunk of these parts relied solely on subtractive processes, forming and casting
manufacturing techniques, where large volumes of material wastage are encountered. This led to the
concept of additive manufacturing (AM) which is a much more intrinsic process where the manufacturer
has control over composition, deposition and product geometry without the need for any expensive

tooling as utilized in injection moulding.

The principle behind AM technique is to produce well-engineered parts from three-dimensional (3D)
computer-aided design (CAD) models into working parts. This technique dates to the early 1980s where
the process of stereolithography (polymerization processes that solidify liquid resin layers into 3D
objects using laser beam) was first pioneered and developed for producing 3D cured polymer samples.
In fairness, the technique was originally restricted to producing model parts of materials with deficient
mechanical and resolution properties. Nonetheless, with further advancement in engineering material
process, the application of this technology has extended into a wide scope of engineering product
design in the aerospace [3], automotive [4], medical [5, 6] and other specialized areas where
product quality and speed, material availability, workforce knowledge and business interest is required
for driving growth (Figure 1-1) [7].
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Figure 1-1- Current application and projected future potential of 3D printing by industry [7].

Even though the growth of the AM industry for the past decade has been very sluggish with an average
growth rate of less than 0.02 % of the total global manufacturing output per annum, its forecast for the
next decade is refreshing and the industry is expected to grow by some 40 % within the next decade [8]
with polymer and polymer-based materials (PBMSs) accounting for over 50 % of the total production
output [Figure 1-2] [7].

Metal and polymer

g

Metal

Polymer

Figure 1-2- Part manufacturing using AM systems in the production industry [8].

3D printing has been demonstrated over the last few years as a game-changer in producing both low-
volume and complex high-volume parts with high-performance efficiency during operations. From a
processing time lasting a few hours [9], AM has revolutionized and made simple the printing of complex
geometries, internal structures, and voids with contorted features possible without the need for
expensive tooling or machining methods. With the ability to produce multilayered parts to enhance
material performance, AM has provided a great deal of material adaptability and uniqueness in
revolutionizing product design and architecture. Notwithstanding their numerous advantages and great

attributes of comparison between the rate, quality, cost, and flexibility to the traditional moulded or
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machining technique, AM performance currently is low with aspect trade-off against the advantages in

terms of product quality and material performance.

The dynamics of polymer chain structure at the near-surface may end up functionally very different
from the repeating units making up the entire bulk material of the polymer matrix if their polymerization
process was as a result of the incorporation of both initiating and termination species [10]. In principle,
the homopolymer near-surface structure after AM may vary significantly from the bulk material in
molecular weight distribution, end-group concentration and where appropriate, crystalline to
amorphous ratio [10]. This notwithstanding provides the manufacturers with varied surface properties
and critical performance issues when utilized in product design. These include properties associated
with surface adhesion, wear, optical, compatibility, crazing, permeability etc. [10]. By visualizing a 3D
manufactured part, one gets the true sense of the fine degree of texturing as well as the granularity that
is both the strength and weakness of a 3D printing product overall. Hence, the ability to control these
surface properties for enhanced material performance in real-time application is key to increasing the
longevity of polymers.

Like all other engineering materials, polymers have their advantages and limitations due to their
physical, mechanical, chemical, and thermal properties. They are very lightweight, malleable, corrosion
and chemically resistant and easy to synthesize at a very low cost compared to metals. These inherent
properties make polymer materials the choice for most engineering applications. However, that is not
to say they do not have their limitations. The inability to withstand high temperature and high load
applications due to their relatively low glass transition temperatures and low modulus make them less
attractive for major engineering work requiring high strength materials. In most polymer applications,
the surface of the substrate always undergoes tremendous physical, mechanical and chemical
modification with time. Consequently, the adjustment of these surfaces to mitigate the effect posed by

these alterations are key to providing appropriate functionality to the material.

Modification of material surfaces through surface engineering techniques is all about getting the right
functionality balance for advantage. Surface engineering methods have been primarily aimed at
techniques designed to modify material surfaces either through the use of physical or chemical
modification processes or coatings without altering the bulk of the material or substrate. PBMs are
generally known for their low surface energy in the range of 25 to 50 mJ/m? [11] and are particularly
unsuitable for all forms of protective coating processes being, electroplating, painting or physical
vapour deposition (PVD), due to the surface energy miss-match between the high energy particle and
the low surface energy polymer material, thus, forming droplets instead of fully wetting the surface
[12]. Enhancing polymer surface adhesion and wetting requires having to boost its polar interactive
component and surface free energy using high level thermal or electrical energy sources for example,

through the use of plasma, corona, discharge flame or reactive gases [12].
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Throughout the various stages and technique optimization for adding functionality to materials through
surface coating, the use of high-energy plasma treatment methods such as PVD and plasma-enhanced
chemical vapour deposition (PECVD) as well as other techniques including electroplating and painting
has proved vital in today surface treatment techniques [11]. These surface coating techniques provide
improved functionality by enhancing material properties such as surface hardness, wear resistance,
reduced friction and in some metallic applications may provide improved oxidation resistance as well

as barrier function against water and gases ingress into the bulk material.

The use of both physical and chemical vapour deposition with assisted plasma sources has shown
enormous potential in the polymer industry by creating some of the best interactive polymer surfaces
in the automotive and electronic industries. In each of these deposition methods, there are sound debates
and literature backing as to why either PVD or CVD is the best deposition option. One of the reasons
is the temperature requirement needed for both systems to operate. A typical CVD process on average
operates at much higher deposition temperatures of between 500 to 1050 °C [13] compared with a
process temperatures of 250 to 450 °C for most PVD processes even though temperatures of below 70

°C could be achieved [14] in cold plasm applications [15].

The advancement in the application of PVD and plasma-enhanced deposition of thin films in coating
polymers have led to more specific applications where weight, size and cost is big challenge to
overcome. Plastic material can now be made to look and perform similar functions as its metallic
counterpart, thus reducing weight and opening an unlimited opportunity for all sorts of industrial

applications.

1.1 Tribology application for additively manufactured polymers

Currently, the science of wear and friction is evolving in the direction of deep exploration into the
mechanics of contact interaction. In the last decade alone, a lot of work has been accomplished in both
academia and industry exploring the functionality and material performance of PBMs in tribological
applications. As well as the old-fashioned PBMs such as polyoxymethylene (POM) and
polytetrafluoroethylene (PTFE), high-performance polymer materials and composites are progressively
used in sliding components such as artificial joints, rollers, ball bearings and bushings due to their
inherent self-lubricating properties [16]. The variance in the application of PBM in tribological contacts
juxtaposition with metals and ceramic-based materials relates primarily to both the surface and bulk
properties definition as well as their physical and chemical structure [17]. The ability to control and
modify certain physiochemical properties in a sliding and frictional body system makes PBMs materials
uniquely interesting in a tribological system and most especially under dry sliding contact compared
with their metals and ceramics counterparts. To meet this goal, numerous books and authors of polymer

friction have already exhausted most of the topical issues relating to polymer tribology [18, 19],
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however, more work is needed in highlighting their tribological performance, especially in friction and

wear characterisation. This is particularly true for AM polymers and all emerging polymer composites.

The introduction of surface definition through texturing as a deliberate concept or otherwise on a
polymer surface has essentially focused on improving both frictions and wear performance behaviour
at the contact surface [20]. By this concept of surface defining, the resulting micro cavities depression
created as a consequence of AM processes or through deliberate surface texturing methods have shown
to facilitate micro-wedge effect by creating micro channels for improved tribological performance [20].
Depending on the type of AM technique employed in the manufacturing process, material properties
such as surface roughness, hardness, elastic modulus, etc., which serves to provide the bulk and surface

properties of the product are altered in the process.

By observing the advantageous opportunities linked with additively manufactured polymers, there is
the need to understand their tribological behaviour and limitations when used in practical applications.
Hence, as part of this study, one of the aims is to explore the possibility of using Polyjet printed AM
polymers, enhancement through novel surface engineering methods, as new candidates for tribological
application. To bridge this knowledge gap, two Polyjet materials (3d ABS and Verogray) have been
studied and presented in this work.

In most polymer applications, the surface of the substrate always undergoes tremendous physical,
mechanical and chemical modification with time. Consequently, the adjustment of these surfaces to
mitigate the effect posed by these alterations are key to providing appropriate functionality to the
material. The fundamental principle for material science is that structure leads to material property, thus
if we can control effectively the structure of the material at the atomic scale then we should be able to

engineer whatever property of the material we so desire.

1.1 Aims and objectives
1.2.1 Aim

In this study, the advantageous combination in assessing the framework for developing potential
functional coatings on additively manufactured polymer substrates (3D printed polymers) with the aim
of increasing material robustness is made. Diamond-like carbon (DLC) coatings are produced using
microwave enhanced plasma-enhanced chemical vapour deposition (MW-PECVD) at temperatures
below 40 °C. There is currently no work reported on the synthesis and deposition of DLC films using
MW-PECVD on 3D printed polymers and as such, a thorough study of the micro and nano-scale
interaction between coating and polymer bulk shall be discussed. Further studies on their tribological
properties under dry reciprocation sliding conditions with varying load and The main objectives of this

thesis are detailed below:
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1.2.2 Objectives

1.2.2.1 Phase 1: Sample preparation and characterisation

Photo-curable acrylate, urethane and epoxy-based resins manufactured using 3D printing techniques

available at the University of Leeds prototyping laboratory were investigated to:

e Understand the thermal, mechanical and physical properties as well as any structural
limitations of the cured resin.

e Compare the properties of the selected photo-curable 3D printed polymers and to determine
the suitability of the polymers for plasma treatment and deposition.

o Develop pre-treatment processes that make these substrates suitable to MW-PECVD coating.

e Structuring polymer surfaces using a variety of microfabrication and surface engineering
techniques.

e Determine the tribological performance and limitations of photo-curable 3D manufactured

polymers under real load applications.

1.2.2.2 Phase 2: DLC coating and deposition

The coating deposition process was designed around the use of MW-PECVD process accessible in the
University of Leeds advanced coating laboratory, using the Hauzer Flexicoat 850 deposition coating
system. The potential for coating complex features on polymer surfaces with micron-size features was

assessed and investigated to:

e Gain adequate familiarity with the process operations of the Hauzer Flexicoat 850 coating
system and develop suitable benchmark coatings as functional coatings on 3D printed
polymers.

e Provide a coating on a polymer substrate only a few um thin without destroying the substrate.
1.2.2.3 Phase 3: Coating assessment and performance analysis

Coatings were optimised for maximum adhesion and bending strength. The study was to develop a

realistic function simulator to guide the design process in the following areas with the objectives

e To evaluate the coating techniques from nano to micro-scale level by studying the
relationship between thin film properties (such as; hardness, modulus, structure, etc.),
polymer properties (such as; mechanical, chemical structure, etc.) and deposition process
conditions ( such as; gas flow rates, deposition and micro-wave power input).

e To understand the functional limitations of the MW-PECVD coated substrate for both barrier

and tribological functions.
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To optimize coating structure.

1.3 Thesis outline

Chapter 1 provides an introductory outline to establishing the scope of this research by
summarising the background theory pertaining to this study and also providing the main aims
and objectives as defined in the project specifications and deliverables.

Chapter 2 provides a comprehensive literature review covering basics in polymer science,
additive manufacturing, tribology, diamond-like coating, plasma theories and thin-film
synthesis and deposition. It also covers coating methods for depositing DLC coating onto PBMs
using either PVD or CVD techniques.

Chapter 3 provides an overview of all experimental methods used in this study, including
methods for 3D printing of photo-curable resins, pre-coating characterisation of the 3D printed
parts, pre-coating treatment, deposition methods for coating, post-coating analysis techniques
for coating characterisation and tribological analysis.

Chapter 4 which is the first results section presents the characterisation of the 3D printed PBMs
chosen for this study pre-coating. The characterisation methods employed in this study centre
around the quantitative and qualitative analysis of the physical, structural mechanical, thermal
and water absorption properties of the uncoated 3D polymers.

Chapters 5 and 6 present the results for the study of the DLC coating structure deposited using
MW-PECVD and evaluate the varying deposition parameters on coating growth, and
temperature evolution within the coating chamber. They also present a mechanical
characterisation of the different coating structures, coating roughness and adhesion. Discussion
on the bending strength of the structured coated surfaces in response to forces that act in real
applications is presented also in this section. The coating structure and chemical composition
results are presented in Chapter 6.

Chapter 7 and Chapter 8 provide a detailed analysis of the functional properties of the DLC
coated 3D substrate. In Chapter 7, the tribological properties of both coated and uncoated
substrates are discussed. Chapter 8 discusses the water vapour transmission and sorption
function for both coated and uncoated substrates.

Chapter 9 provides a comprehensive discussion of the result section in this work, alongside
the uniqueness of the varying coating structure deposited unto the different polymer substrates.
Chapter 10 provides a summary of the main findings, conclusions and suggestions for future

work.
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Chapter 2

Literature Review

2.1 Introduction

This chapter presents a comprehensive review of the literature on polymer-based materials with greater
emphasis on additively manufactured polymers. DLC synthesis and coatings using plasma-assisted
deposition methods have been discussed. Further discussions on coating characterization methods,

tribology and barrier functional properties of DLC films on polymer materials are made.

2.2 Theory of polymer science

Polymer-based materials (PBMSs) form a unique group of engineering materials composed of complex
repetitive units of single or multiple chain-like structures commonly referred to as monomers. Their
primary attributes, which stem from material property uniqueness and their ability to be partly
consolidated into a complex geometrically stable structure, provide them with excellent variable
strength and applicability. The term polymer originated from the ancient Greek words: poly meaning
“many” and meros meaning “parts” [21] of which entails a large number of single repetitive unit

structures (monomers) linked together regularly, usually by means of a covalent bond [22].

Chemically, polymer molecules are composed of a “skeleton” [23] of a very high molecular weight
structure that may be branched, linear or a network of both [21, 22]. Depending on the type of polymer
synthesis utilized and monomer species, the size of a polymer could range from a few hundred to a
thousand or possibly a million in molecular size or molar mass [21]. This could either be a low weight
or high weight polymer depending on the length and structure of the molecular structure. Low weight
polymers have a characteristic molecular range of between 1,000 - 20,000, whilst those classified as

high weight polymers are those with molecular structures >20,000 [24].

The fundamental process of forming a repetitive backbone structure for any molecular polymer
structure is controlled by the mechanism governing the stepwise addition of monomers to a growing
polymer chain [25]. Flory [26] underlined the very importance of appreciating the different
polymerization mechanisms in molecular structure build-up in defining the process, however, the very
definition characterising the mechanism is consistently varied in most cases. Later, he defined the

process of polymerization using the “condensation” and “addition” polymerization terms as supposed
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to be both step and chain-growth polymerization terms [27, 28]. Davis [25] defined the polymerization
process by focusing primarily on the chain growth process of radicalized monomers.

Condensation polymerization occurs when monomers bond together chemically to form polymers with
the release of a lower weight molecular structure as the by-product [29]. Addition polymerization
requires an initiation step followed by a multiplicity of continuous addition of monomer units to an
increasing free radical chain [30]. Commonly used initiators are the peroxides and persulfate [31]. Davis
[25] noted that polymerization in itself could be self-initiated in the absence of any added initiator
through a self-induced adventitious free-radical. Mayo [32, 33] in the formation of polystyrene noted
that radical initiation proceeds Diels-Alder dimerization of styrene, where molecular assisted homolysis
amongst the dimer (AH) and a third styrene produces the monodical initiators A* and HM*. However,
Flory [33, 34] suggested that styrene dimerizes to form a singlets 1,4 diradical (M>*) where a third
styrene molecule extracts a hydrogen atom from the diradical to produce a single radical initiator
capable of initiating the polymerization process as shown in Figure 2-1.

e
monoradical
polymerization

Mz-
I po:yme! ization

Figure 2-1- Mayo and Flory Mechanism [33].

The propagation step which follows on from the initiation step is, of course, the core of the
polymerization process and primarily dependent on the monomer unit availability, a determining factor
of the molecular weight of the final PBM [27]. The termination step, in the case of a free radical
polymerization process, is the final stage, where the free terminal radicals combine to stop further the
growth of the polymer chain unit.

Depending on the polymeric chain arrangement as shown in Figure 2-2, polymer molecules can be
partially crystalline (semi-crystal), amorphous or in a state where crystalline regions are distributed

within the amorphous material [35]. In an amorphous state, individual polymer chain units making up
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the entire molecule are arbitrarily distributed as opposed to a more structured and well-defined molecule
in a crystalline state. This means the onset of the glass transition temperature in amorphous materials is
much lowered than the melting temperature (Tm) for crystallites as a result of the early onset of
molecular chain movement [36]. The wide variation and uniformity in these polymer structures produce
uniquely varied polymer molecules with unique physical features. The extent of variation in their
physical state could result in materials with good dimensional stability, high rigidity, and strong
physical properties. However, in the same breath, materials could exhibit completely different physical

properties under the same conditions, most especially under tension.

Figure 2-2- Schematics of the chain structure of (a) an amorphous (b) Semi-crystalline polymer
[36].

The term plastic originated from the Greek word, plastikos, meaning able to shape or mould with the
help of heat. Therefore, temperature input is a basic requirement in the manufacturing process. Like in
most metals which can be divided into ferrous and nonferrous metals. Plastics, on the other hand, can
be divided into types. The most common ones are synthetic plastics which are derived from
hydrocarbon-based materials, usually crude oil or gas. However, depending on the way these key

ingredients react when heated, they could either form thermosetting plastics or thermoplastics.

2.3 Additive manufacturing

Thermoplastics (such as Nylon, ABS, and PEEK), as well as thermosetting polymers (like epoxy base
resin), have over the years become the main active catalyst in pioneering the process of manufacturing
functional engineering prototype parts using AM techniques. In most traditional polymer extrusion-
mould based systems, the thermoplastic polymer is simply melted and squeezed directly onto a
temperature-controlled plate or predesigned structure to create a replica of the object. Even though the
design set-up for any AM process is complex, its delivery in terms of the material build is less
sophisticated as the process combines both structural layering and precision of a base polymer to

achieve object unity. For example, in the manufacturing of epoxy resin, the use of UV or thermally
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assisted curing process are simply very useful in the completion of the polymerization process.
Consequently, epoxy resins are most appropriate for UV or heat-assisted 3D-printing processes because
of their highly reactive nature when exposed to these conditions [37]. Additionally, they are extensively
utilized in most 3D-part manufacturing processes and applications because of their varied physical and
mechanical properties, easiness to acquire or manufacture and are flexible to many low energy
fabrication systems. In all cases, thermosetting polymers may be personalised based on the need to
satisfy a particular process requirement, but the preparation, formulation and processing information

are usually retained as trade secrets [38].

Epoxy resin defines a broad group of thermoset polymeric materials in which the principal crosslinking
between the molecules is a result of the presence of an epoxide group. The structure usually consists of
a three-membered ring, comprising two carbon atoms and one oxygen (Figure 2-3). Though the
existence of this functional group defines an epoxide to some extent, the molecular extension of this
structure may vary, producing different classes of epoxy resins in the polymerization process. The most
important base material in epoxy resin manufacture is epichlorohydrin, which is primarily used as a

precursor in almost all commercially available epoxy resins.

0

Figure 2-3- Basic structure of an epoxide group [39].

2.3.1 Photopolymerization in additive manufactured polymers

The approach behind 3D Photopolymerization is centred on building a well-structured polymer unit
using monomer/oligomer in a liquid base form that could be polymerized using an external light source

of a specific wavelength to form a thermoset polymer [40].

The polymerization of acrylic and prepolymers or epoxy-based materials through light-activated radical
or cationic reactive species is a universal model that provides high photosensitivity and good selectivity
with well-defined cured properties [40]. Chemically, photopolymers may constitute several fractions of
binders, photoinitiators, additives, colourants, chemicals and plasticizers at varying percentages [41],
however, the primary component that provides the build for the process of delivering a photocurable

PBM are primary monomers, binders and photoinitiators [42].

During the photopolymerization sequencing process, the controlling index of modulation which is

optically induced is provided for by the base monomer. Irrespective of their chemical structure and
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composition, monomers are required to have at least one reactive polymerizable group [43]. Monomers
of acrylate or methacrylate functionality have become standard photoinitiators, generally because of
their high reactivity nature, making up 10-40 % of the monomer composition [39]. Other than these
highly suggestive photoinitiators, whose reactive sites are located at the terminal end of the monomer
backbone structure, monomers can vary tremendously based on their functionality and could act
singularly or multifaceted as either a diluent, cross-linker or both. Examples of such monomers are

shown in Table 2-1.

Table 2-1- Multifunctional and non-functional monomers [39].

Multifunctional monomers Monofunctional monomers
Trimethylolpropane triacrylate (TMPTA) Acrylic acid
Ethoxylated TMPTA Methacrylic acid
Trimethylolpropane trimethacrylate Isodecyl acrylate
Hexanediol diacrylate N-vinyl pyrrolidone

2.3.1.1 Binders

Binders are molecules of highly reactive monomer units, generally of dimers, trimers, and tetramers.
They are mostly liquid at room temperature due to their low to intermediate molecular weight,
functionality, and structure [44]. In principle, the host polymer binder provides the supporting matrix
contained within the additive mix [45]. However, Allen [46] noted that the functional performance of
a binder resin should not just provide physical advantage through molecular weight refinement but the
ability to resist dissolution during the polymerization steps within the aqueous base. Typically, binders
consist of 50-80 % of most photopolymers [46] and provide varying functionality during the activation
process. Typical binders used photopolymers are shown in Table 2-2.

Table 2-2- Typical photopolymer binders used in 3D additive manufacturing.

Photopolymer binders
Styrene family: Oligomer of Styrene-Tetramer-Alpha Cumyl End Group, A-Methyl
Styrene-Dimer (1), A-Methyl Styrene-Tetramer, etc.
Methacrylate family: Methyl Methacrylate Oligomers, Acrylic Acid Oligomers,
Methyl Methacrylate Tetramer, etc.
Olefine family: Poly Isobutylene
Vinyl alcohol family: Vinylacetate trimer, Vinyl alcohol trimer, Vinylacetate oligomer.
Polypropylene Glycol Family: Polypropylene glycol (Dihydroxy Terminated) etc.
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2.3.1.2 Photoinitiators

Photoinitiators (Pls) are chemical compounds that undergo a chemical transformation on exposure to
UV light, producing reactive species (e.g., radicals) [47] that promote chemical reaction process and
ultimately are consumed during the reaction process [48]. Figure 2-4 shows the conversion process of
transforming soluble liquid formulation into a highly dense crossed linked and insoluble polymer
network [48] using near UV light of 300-400 nm [47]. In the process, Mondschein et al. [49] noted
Pls with characteristic high molar extinction coefficient at relatively short wavelengths (typically <
400nm) are always good candidates for initiating the photopolymerization process [49]. Decker et al.
[50] demonstrate the reliance of the polymerisation process on the degree of UV intensity and exposure
time. They further noted that the rate of polymerisation is related to the square root law and up to the
upper threshold for UV particle fluence rate greater than 100 mW/cm? The majority of the
commercially available PIs experience Norrish type I a-cleavage reaction (this is a photochemical
reaction that results in the formation of two free-radical intermediates from the cleavage of ketones and
aldehydes) during photopolymerization which causes radical particles fragmentation under light
irradiation [51, 52]. Based on the chemical structure, the level of cleavage induced formation and
method of 3D printing technique employed in the polymerisation process is always determined by the
UV wavelength and intensity of the exposed light. 2-hydroxy-2-methyl-1-phenyl-propane-1-one
(Irgacure1173) and, 2-dimethoxy-2-phenylacetophenone (DMPA) are two well-known Pls suitable for
stereolithography (SLA) based processes due to their relatively low UV energy level absorption band
[53]. Phosphine oxides containing Pls, however, present an activation energy state shift from the lower
peak levels to the higher " state, which is most preferred for the digital light processing (DLP) 3D print

system.

Even though the science behind 3D photopolymerization has been well established in the literature,
exposure of the base formulation liquid to high-level UV- wavelength may cause a few shortcomings
in the polymerisation process such as slow 3D printing rates due to the low UV photon penetration
depth, cellular damage in most bio 3D printable parts resulting in chromosomal and genetic alterations
in some bio cells [54, 55] and the promotion of side step reactions with diminishing consequences on
product formation. As a result, the conscious effort in developing a suitable 3D photopolymerization
technique for a longer irradiation wavelength activation process to address the above-mentioned

challenges has been one of the key active research areas in recent times.

The most widespread application developed so far are the cationic and radical photoinitiators which
produce either a Bronsted or Lewis acid to initiate a cationic polymerization process or through radical
polymerization of acrylate or styrene-based formation respectively [47]. Commercially, there is a huge

range of photoinitiators currently in circulation that do not only polymerizes in the UV region but
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extends into the visible or infra-red (IR) range. Table 2-3 shows an example of the most widely used

Pls in the 3D manufacturing process.

hv

Monomer/Oligomer mixtures » polymer (Polymenzation process)
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light
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PI* - reactive photoinitiators

Figure 2-4- Photopolymerization reaction [48].

Table 2-3- Commercially available photoinitiators [50].

UV-Light-sensitive Visible-light-sensitive Water-soluble photoinitiators
photoinitiators photoinitiators
Trimethylbenzoyl 2-Hydroxy-
diphenylphosphine oxide (TPO) NDP2 1-[4-(2hydroxyethoxy) phenyl] -2-
methyl-1-propanone (12959) [50].
phenylbis(2,4,6-
trimethylbenzoyl)-phosphine ATNA 1 Hybrid nanoparticles (HNPS)
oxide (BAPO) [50].
Irgacure 184 and 369 Ivocerin Semiconductor-metal HNPs [50].

2.3.1.3 Photopolymerization of additively manufactured polymers

In all photochemical reactions, the formulation materials which serves as the feedstock for 3D
manufacturing of PBMs is primarily composed of photoinitiators, oligomers or binders and monomer
systems [54]. Amongst the varying issues that play into material efficiency and performance during
processing, the photoinitiator (PI) has been acknowledged to an extent as the key backbone to every
polymerization reaction process. Direct light polymerisation activated reaction focuses on the reaction
of a base formulation additive mixture through a set chain reaction initiated by light. Since the process
of activation and the formation of reactive species is highly dependent on the presence of PI, the
absorption of light alone by monomer species provide a less efficient route to creating reactive species
to initiate the polymerisation process reaction. The excitation extension of the spectra sensitivity which
relates to the emission of a light source and the absorption spectrum of the base formulation is further
enhanced when photosensitizers (PSs) are used. By extension, this reaction could be defined as

sensitized light-induced polymerization as shown in Figure 2-4.
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Further to the polymerisation mechanism, which is described favourably by a chain reaction regime,
the process of generating reactive species is applied and defined by many selective sequential processes
such as anionic, cationic, free radical and step-growth polycondensation [47].

In the anionic polymerisation process, an active anionic site is activated by the reaction of a monomer
and a negative ion is created. The negative carbanion end of the monomer resulting from the monomer-
Pl interaction subsequently forms an ion pair with the photoinitiation ionic species. The overall dipole
effect created by the uneven sharing of charge species allows the partial interaction between the anion
in the catalyst and the partially positive end of the monomer. Similarly, a further addition to the polymer
chain is enhanced through the reaction of both activated anionic monomer residue and the monomer to
create a polymerization sequence activated by the resulting carbanion monomer. Chain termination
occurs when termination active sites encounter species that consists of exchangeable protons e.g. water

and alcohol. Examples of such polymers are acrylonitrile, styrene and methyl methacrylate.

Cationic polymerisation, on the other hand, has functional groups that can react with free proton species
to generate a positively charged active site. Examples include vinyl methyl ether, styrene and vinyl
group [56]. The free proton synthesis begins with the introduction of either a Lewis acid co-catalysed
with an exchangeable proton species or a strong acid. A carbon-hydrogen bond is subsequently formed
from the ionic reaction between the weak nucleophilic double bond electrons from the vinyl group and

the strong electrophilic proton from the acid (Figure 2-5).
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Figure 2-5- Anionic polymerisation (a) initiation (b) propagation(c) termination steps [56].

The resulting terminal carbon atom becomes positively charged as a result (carbocation), thus providing
reactive species for chain propagation in the process whereas the counter negatively charged ion

maintain charge neutrality.

The termination process (Figure 2-6) occurs when there is a transfer of cationic protons back to the PI

catalyst, thus disengaging the polymer chain growth process.
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Figure 2-6- Cationic polymerisation (a) initiation (b) propagation (c) termination steps [56].

Commercially, epoxy monomers including 3, 4 epoxy cyclohexane methyl 3, 4 epoxycyclohexylcarbo-
xylate (EPOX) [57, 58, 59] and bisphenol a diglycidyl ether (DGEBA) [60] have been actively involved
in formulating Pl monomers for 3D polymer synthesis (Figure 2-7). Structurally, cationic
photopolymerizes differ and provide varying responses during polymerisation, for example,
cycloaliphatic epoxides experience faster polymerisation due to their high double bond strain.
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Figure 2-7- Commercially available monomers used in cationic 3D photopolymerization [60].

Epoxides have shown greater applicability in most SLA 3D printing systems due to their low volumetric
shrinkage (~ 3 %) during ring-opening polymerisation [57] and improved water resistance properties
[61, 62]. To prevent the shrinkage effect observed under free-radical polymerisation of the additively
manufactured parts, Al Mousawi et al. [57] demonstrated the use of bis (4-tert-butylphenyl)-iodonium
hexafluorophosphate (Iod) and azahelicenes to initiate a cationic reaction process of EPOX to construct
an AM part. The molecular structure of every monomer, in theory, provides the platform for each chain
polymerisation reaction and cationic curing process and this is not an exception. The chain reaction
provides several cross-linking points along with the polymer structure, leading to elevated brittleness.
To mitigate this problem, chain transfer agents for example polyether diols and polyester at lower
weight concentrations (5-20 wt %) are used [53]. Thus, the application of photocurable systems
composed of two or more polymerisation mechanisms aimed at providing specific functionality within

the 3D printed part serves to control the chain reaction process and prevent incompatibility in the
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process. Hybrid monomer 3,4-epoxy-cyclohexylmethyl methacrylate (containing both epoxide and
methacrylate groups) can undergo both free-radical and cationic polymerisation mechanism with the
sole aim of preventing incompatibility during the reaction process [63].

Free radical polymerisation produces a highly reactive monomer species that provides the propagating
sequence for monomer addition. The process of radicalising a monomer begins with a highly receptive
monomer capable of accepting and transferring a radical species onto another monomer in the
polymerisation process. During the first stage of initiation, a free radical species transfer a highly
energetic radical electron to the terminal end of the monomer by attacking the double bond. The
unpaired activated electron from the monomer then reacts with another monomer in a step chain
polymerisation reaction creating an activated dimer, having n (polymerisation number) number of
polymers. When two activated terminal sites of a growing polymer chain meet, termination occurs in
the process and chain propagation seizes. Most commonly, (meth) acrylate, thiol-ene and additional-
fragmentation chain transfer (AFCT) agents or monomers are commonly utilised in radical
polymerisation systems. However, (meth) acrylate-base resin has gained great success in AM
applications due to its wide applicability and varied functionality such as, in the printing of 3D memory
shape polymers, highly functional bio adaptable and stretchy photopolymers [64]. The most common
commercially available meth (acrylate) monomers/oligomers available on the market are triethylene
glycoldimethacrylate (TEGDMA), bisphenol A-glycidyl methacrylate (Bis-GMA) and
trimethylolpropane triacrylate (TTA). Reactions of the unsaturated double bond of carbon and thiols
have been well established in the 3D manufacturing process, where these polymerisation reaction steps
are governed by radical step-growth addition or Michael addition. Thiols act to facilitate the formation
of reactive thiyl radical by donating highly reactive hydrogen ions, hence mitigating oxygen inhibition
in the process. Thiols-ene- based resins have added advantage over (meth) acrylate-based resins due to
their low shrinkage stress and higher bio-compatibility [53]. These added advantages coupled with other
functionality make thiols-ene resin fitting for most 3D constructs in biodegradable hydrogel products,
woodpile photonic crystal and the optical waveguide. However, issues such as poor shelf life (which
relates to the oxidative disulphide bond formation), bad odour and the formation of low modulus and
soft materials (as a result of the formation of homogeneous flexible thioether linkage) make thiols highly
disadvantageous when working with them [53]. Bearing in mind that photocurable (meth) acrylate
resins polymers are very brittle (as they are highly cross-linked), AFCT resins have been developed
among others to purposefully improve the toughness of the 3D photocurable material produced using

(meth)-acrylate or thiol-ene resin.

The chemistry governing the free radical photo-polymerisation of 3D systems has been identified as
non-living, meaning the terminating monomer chain activation site after the polymerization step
becomes inactive and cannot be re-activated to introduce new functionalities. The strategy behind the

production of these thermoset materials is not exclusive to a particular regime but varied in terms of the
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technique of 3D printing. Several photopolymerization regimes such as stereolithography (SLA), digital
light processing (DLP) and continuous liquid Interface production (CLIP) are some of the uniquely
developed systems that are commonly used within the industry [53]. The principle behind SLA
polymerization involves the use of movable source photons to activate the photocurable resin in the
process of building a 3D structure [65]. However, in the digital light processing technique, total
illumination of the exposed layer is made all at once using a light source projected from the base of the
resin bath [53]. In the CLIP process, the use of an oxygen-permeable window to create an inhibiting
barrier to stop the polymerisation reaction process is used. In the succeeding sub-heading (2.3.2)
detailed descriptions of these photopolymerization 3D techniques as well as other forms of 3D printing

methods are discussed.

2.3.2 Additive manufacturing technique

Increasingly, 3D printing or AM has been used for the manufacturing of end used parts where large-
scale manufacturing is made possible. The working principles and functionality of these systems define
their properties in real-time applications and substrate unit build up. The issue relating to how to method
manufacture parts is always a primary concern, most importantly, when it comes to surface definition,
accuracy and refinement. The most widely used methods as employed in manufacturing polymeric

engineering part may include:

= Stereolithography (SLA)

= Polyjet photopolymer or Jetted photopolymer (J-P)
= Selective laser sintering (SLS)

= Fused Filament Fabrication (FFF)

2.3.2.1 Stereolithography (SLA)

Stereolithography (SLA) is a 3D printing technique that transforms photocurable resin into fully
functioning PMB using a movable UV laser or photon source to activate the photopolymerization
process. By using a CAD model, a 3D-modelled part is built layer-by-layer through a reactive catalytic
curing process using UV-light (Figure 2-8). Traditionally, most SLA techniques employ lightweight
polymeric materials, like polyacrylates, which have over the years shown decreased performance levels

mechanically and thermally [66].
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Figure 2-8- Schematic representation of an SLA technique [67].
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Currently, polymeric materials with epoxy-based hybrid systems have shown greater acceptability and
higher performance level because of their very low water absorption and shrinkage property as well as
their high thermal tolerance properties (higher temperature resistance, high glass transition temperature)
than previously available acrylate materials [66]. SLA method has provided a unique platform for
refined manufacturing where materials print resolution as low as 10 um can be achieved with the

flexibility of fabricating organic-inorganic hybrid 3D structures.

2.3.2.2 Polyjet photopolymer

This technique, unlike the SLA method, uses liquid photocurable (UV sensitive polymers) material to
create a solid object using layer deposition methods (Figure 2-9). Even though both methods share
similar functionality in term of using UV energy to cure plastics, they differ extensively through their
mode of operation and technique. The final part manufactured using SLA are not built fully cured and
require further curing to drain off excess photopolymer resins. The Polyjet design printer comprises a
liquid jetting head that moves in a well-defined x-y axis plane creating a single layer sketch of the
photopolymer over the build platform. In this situation, the photopolymer liquid is cured
instantaneously using the UV source, thus creating a precise model. The most widely used 3D advanced
printers currently in circulation which uses Polyjet technology are the object Polyjet 3D printers. This
technique can eject liquid polymer to build surfaces at incredible accuracy of 0.1 — 0.3 mm with very
thin layers of 16um steps [68]. In most Polyjet AM, polymeric compatible materials are made to printer

specifications. The most widely utilised categories of polymeric materials are displayed in Table 2-4.
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Figure 2-9- Object Polyjet 3D printing [66].

Table 2-4 Common Polyjet digital materials utilised in most Polyjet printers.

Name Digital Materials
Rigid Opaque Material VeroWhitePlus RGD835
VeroBlackPlus RGD875
VeroWhitePlus RGD835
TangoBlackPlus FLX980/TangoPlus FLX930
VeroBlue RGD840
Transparent Materials RGD 720
VeroBlackPlus RGD875
TangoBlack FLX973
RGD810
TangoPlus FI1X930/ TangoBlackPlus FL X980
Polypropylene-like-Materials DurusWhite RGD430
VeroWhitePlus RGD835
VeroBlue RGD840, VeroBlackPlus RGD875 or
RGD720
Rubber-like-Materials TangoGray FLX950
TangoBlack FLX973
VeroBlackPlus RGD875

Digital ABS: The ABS digital or 3D ABS composite material fabricated from the combination of
RGD515 and RGD535 has been designed to simulate ABS grade engineering materials by combining
high-temperature resistance with high toughness [69]. These products are mostly designed to suit
applications such as electrical parts, engine part covers, phones casing etc. Even though digital ABS
has shown matching material properties to most traditionally manufactured polymers [69], their
research remains unexplored in the existing literature. This work seeks to explore and contribute to
future research into Polyjet materials technology for advanced material research and applications

involving plasma deposition.

Rigid Opaque: This class of material gives perfect visualization effects to cured photopolymer

materials and come in colours such as grey, blue, white and black with each having their application.
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Rigid opaque materials are strong, durable and are mostly required in high precision and accurate 3D
products. Moreover, its characteristics and shade could be significantly altered if combined with rubber-
like materials or opaque white. This class include the family of Verogray (RGD850), Verowhite plus
(RGD835), and Veroblue (RGD840) etc [69].

The basic principles underpinning all 3D printed polymers are quite similar in terms of their data input
mechanism that rely on a 3D CAD drawing. This is later converted to a layered printer readable format

file or the standard tessellation language (STL) file.

2.3.2.3 Selective laser sintering (SLS)

Selective laser sintering or melting is a uniquely different 3D fabrication technique that is similar to
stereolithography fabrication method in that they both use support scanning laser source technique to
create 3D model parts. In the SLS, a high-powered scanning laser beam (CO, laser) is used to melt
plastic or metal powders to create a hemispherical cross-section material track [53]. Through continuous
overlapping of sequential material tracks, layering of material to create a 3D object is achieved (Figure
2-10). Typically, an SLS 3D manufacturing technique provides a careful balance between laser power,
scanning speed and scan space to effect particle adhesion and dimensional stability of the print.

SLS technique provides the flexibility of producing polymer, glassy or metallic 3D objects without the
need for support material structure. Examples of some common plastics materials used in SLS
processing are Polyamide (PA), Nylon 11, Duraform materials and Windfoam LX2.0 [53]. However,
even though material coverage and usage have expanded over the past few years, the material build has

been limited, largely because of the impairment in the advancement of SLS 3D technology.

Powder layering

Laser sintering

Laser source

Powder layering

Figure 2-10- Basic selective laser sintering technique [70].
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2.3.2.4 Fused filament fabrication

Fused Filament Fabricating (FFF) generally known as Fused Deposition Fabrication (FDM) is one of
the most commonly used AM techniques today. As an extrusion-based process, printing is achieved by
controlled deposition of molten thermoplastic feedstock material (Figure 2-11). During printing, the
feedstock is heated up to 1 °C above its melting point [71] to follow up a predefined path on the print
bed so sequential layers of the molten thermoplastic could be deposited layer by layer to form a working
3D part. Common materials used in this process are acrylonitrile butadiene styrene (ABS),
polycarbonate (PC), polyphenylsulfone (PPSE), PC-ABS blend and PC-ISO which is a medically
graded material [72].

The structural integrity of these printed parts is primarily derived from the bonding between adjacent
and stack extruded roads [73]. Bonding between adjoining layers forms through a bonding coalescence
mechanism which is always a function of the thermal history of the interface. Abbott et al. [73] further
noted that the bond strength of the adjoining interface as the polymer cools off is limited by its glass
transition temperature and the neck growth between the adjoining ratsers.

In comparison with other AM techniques such as Polyjet printing, FFF has no chemical post-processing
requirement, less expensive tooling, no resin to cure and material processing and set-up are cost-
effective. That being said, the FFF technique produces very low-resolution (0.2mm) for printed parts in
the z-axis in comparison with other AM techniques and may require additional expensive surface
treatment options if a smoother surface finishing is required. FFF is a slow process and may require

several hours to print parts if complex features are involved.
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Figure 2-11- Fused filament fabrication process principle and schematics.
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2.3.3 Challenges and prospects of additive manufacturing

The capability of using 3D printed parts in engineering applications have been explored for several
years in many industrial applications. Some of the benefits of using this technique has already been
explored in this chapter. Accuracy, thin layer resolution with the fine precision of 16jum resolution per
layer with a 0.1mm accuracy for complex geometric structures [66] are offered by photopolymer. FDM
technique has primarily been used for the fabrication of thermoplastic parts with low melting point [74],
nevertheless, commercially available polymers such as ABS and PLA do not meet the required output
property requirement due to certain material physical restrictions. ABS polymers generally have good
mechanical properties but emit foul odours when processing while PLA is seen as environmentally
friendly but with poor mechanical properties [75]. A study by Song et al. [76] showed that 3D printed
PLA exhibited improved mechanical properties compared with an injection-moulded PLA polymer.

Higher substrate void between subsequent layers of 3D printed parts has been reported in the literature
to promote higher porosity [77, 78], however, aside from its barrier properties being compromised, a
higher material void can reduce the mechanical performance of the 3D printed material as a result of
the decrease of interfacial bonding between the layered parts [77, 78]. The degree to which voids are
formed can be related to the 3D printing method used and print material. Ngo et al. [78] noted that in
techniques such FDM or contour crafting, the formation of voids are more common as a result of inferior
and anisotropicity during printing. Later research by Gibbons et al. [79] showed that void formation in
FDM parts can consequently result in the delamination of contact layers after printing. In another
research conducted by Duigo et al. [80], they noted that increasing filament thickness, further decreases
porosity by deteriorating cohesion between layered parts, thus subsequently reducing tensile strength

while increasing water uptake.

Surface anisotropy is one of the main challenges of 3D manufacturing as a result of the method of layer
sequencing. Ngo et al. [78] noted that material microstructure at the boundary layer exhibit different
characteristics to the ones deposited within the inside parameter of the print body and as such, material
mechanical properties are varied under both vertical and horizontal compressive loads. Caroll et al. [81]
reported that changes that occur morphologically in the transverse direction produce a higher tensile
strength and ductility compared with those produced longitudinally. However, surface anisotropy could
be useful in certain applications where specific surface wettability is a requirement. For example,
special surface wettability can be achieved by controlling parameters like speed and spacing of the 3D
printing filament [78]. The frictional response to surface anisotropy for most 3D printer parts has been
studied extensively in literature where in most cases, the majority of the work has been focused on
improving dimensional accuracy [82] through surface roughness refinement. However, the presence of
surface excesses post-printing has been shown to have a significant effect on the tribological

performance of 3D parts especially in the case where the surface is rubbing perpendicular or parallel to
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the raster print direction. A recent work conducted by Dawuod et al. [83] to understand the relationship
between friction performance and the raster gap for FDM printed ABS showed an increase in the CoF
when a positive raster gap was introduced.

Ongoing research and development in material science are pushing the limits of 3D manufacturing to
circumvent the challenges faced with technique. This work sought to address key challenging issues
relating to Polyjet manufacturing and key material properties that could be advantageously combined
with surface coating for enhancing material performance in areas including tribology and barrier

property applications.

2.4 Coating synthesis
2.4.1 Introduction

In this section of the thesis, a comprehensive literature review of plasma synthesis in thin film deposition
coating is discussed. This will entail an introduction to plasma deposition using physical, chemical and

plasma-enhanced vapour deposition processes.

2.4.2 Plasma synthesis and characterisation

The term plasma as initially proposed by Irving Langmuir in the early 1920s explained the properties
and behaviour of ionised gas in a high vacuum state. In general terms, a plasma may be described as a
pseudo neutral gas consisting of a collection of ions, electrons, molecular species, and neutral atoms
that display a combined characteristic when exposed to an electromagnetic field [84]. The reason for
this quasi-neutrality is to achieve an overall electrically neutral state within the plasma body. This means
the number of electrons n, should be equal to the number of ions n; in a single ionized plasma state.
Typically in the laboratory, gas-phase ionization of atomic species is achieved by some form of electric
current, microwave or radio energy [85, 86]. This explanation is far-reaching enough to include the
spectrum of man-made plasmas (including fusion reactors, high-pressure arc, etc.). These plasma types
differ significantly in their charge species density n (number per cm3) and may range from 107 - 102°
cm? in artificial applications. In most industrial plasma applications, plasma densities within the arc
and glow discharge regions (108 - 101* cm™3) are highly exploited for thin film deposition. Table 2-5
shows the different plasma types and their properties found in the universe. However, for thin-film

applications, plasma species within the glow discharge regime (process plasmas) are mostly exploited.
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Table 2-5- Typical parameters for various types of plasmas [87].

Length scale (m) Particle density (m~3) Electron temperature (eV) Magnetic Field (T)

Interstellar gas 10'6 108 1 -0
Solar wind 1010 107 10 108
Van Allen belts 108 10° 10? 10-8
Earth’s ionosphere  10° 10! 107! 3x 1077
Solar corona 108 1013 102 107°
Gas discharges 1072 10'% 2 -
Process plasmas 10-! 10" 10? 10-!
Fusion experiment 1 1019-1020 103-10* 5

Fusion reactor 2 1020 10* 5

Based on the variability and the role of the working gas or discharge gas, plasma may play very crucial
roles in thin film deposition aside from deposition. This may include surface modification through

surface etching or forming active functional surfaces for specific applications [85, 86].

2.4.3 Thin film deposition techniques
2.4.3.1 Physical vapour deposition (PVD)

Physical vapour deposition (PVD) is a generic term used to describe thin film deposition process in
which physical discharge of atomic species onto specific targeted substrates occur within a vacuum
environment. In all cases during deposition, plasma or ions are mostly the main constituents of the
vapour phase [88]. Argon has become one of the most widely utilized gas for PVD processes due to
their inertness (which prevent surface oxidation), low cost (cheapest of all the noble gases), higher
atomic mass relative to other sputtering gases and relative abundance in the atmosphere ~1% of the
atmosphere [89]. Sometimes, reactive deposition could be achieved by introducing reactive gases such
as N2 and O,. A typical example is achieved in the formation of TiN or AIN coating [90]. Commonly,
a PVD process may involve techniques such as sputtering, thermal evaporation, ion plating and arc

plating.

Sputtering or sputter deposition is one of the most highly utilised PVD techniques in thin-film process
deposition. It is a hon-thermal process involving the ejection of atomic species from the surface of a
target material by highly energised particles, mostly ions, onto the near-surface of the substrate material.

In a typical sputtering process, the target source material from which the coating material is sputtered
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is positioned in a high vacuum chamber (typically between 5 x 1077 — 5 x 10~* Torr) together with

the substrate material to be coated.

2.4.3.2 Chemical vapour deposition (CVD)

The earliest patent literature for CVD technology was recorded by de Lodyguine in 1890 where he
prepared tungsten deposits using hydrogen reduction of WCls on carbon filament lamb [91]. By
definition, a CVD is a thermally controlled process where vapour condensation of reactive compounds
or molecular species from a gas phase react to form solid deposits or thin-film structures on a target
surface [92]. In the process preceding the nucleation stage, the gaseous compound bearing the reactive
compound if not already in the gaseous phase is formed by the volatilization from either the solid or
liquid feed and carried to the substrate surface through the action of a carrier gas or pressure difference.
The process of CVD compared to other deposition techniques such as PVD or electrodeposition finds
its greatest application in the synthesis of complex coating structures that may not be available when
using conventional methods such as sputtering, ion-plating and vacuum evaporation. With the limited
application of PVD systems in the deposition of high melting temperature elements such as tungsten,
tantalum and carbon, CVD systems can reach temperatures as high as 900 °C [93] as compared to most
PVD systems that can deposit at temperatures below 70 °C or up to 600 °C [14]. CVD technique
provides the additional advantage of being able to deposit many alloys, carbides, oxides and nitrites of
most metals and alloys [92]. However, for applications involving very sensitive substrates requiring
temperatures below 100 °C, CVD applications may not be ideal as one risks damaging the substrate to
be coated. Instead, there are low pressure, plasma-enhanced CVD alternatives that have been developed
to deposit thin films at lower temperatures (< 100 °C) for polymeric and other thermally sensitive

composite materials.

2.4.3.3 Plasma enhanced chemical vapour deposition (PECVD)

The utilisation of PECVD technique in the deposition of thin films is derived from the very principle
underpinning chemical vapour deposition, being that chemistry is involved in the process of film
formation. In PECVD, working gases are decomposed by the introduction of a plasma energy source
collision between the source gas and energetic electrons with the primary incentive of depositing thin
films at much-reduced temperature compared with either CVD or PVD processes. Commonly, electron
temperature range of between 2 — 5 eV is adequate to initiate reactive gas decomposition through the
use of plasma sources such as microwave (MW) plasma (frequency = 0.5-10 GHz; commonly 2.45
GHz), DC plasma, radio frequency (RF) (frequency = 1-500 MHz; commonly 13.56 MHz) or a
combination of both. This means active reactive species of ions and radicals are constantly formed

throughout the deposition cycle. Thus, the process is more complex, as several factors including,
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substrate temperature, gas flow, process power, substrate bias, reactor geometry, electrode spacing, etc.,
play key roles in controlling the deposition process [94]. This technique makes it an ideal choice for the
deposition of DLC films onto polymer substrates at temperatures well below both PVD and CVD
processes.

2.5 Diamond-like carbon coating

Carbon, being one of the most naturally occurring elements on earth aside from oxygen exists in several
forms of diamond, graphite and amorphous carbon. In recent discoveries, many more allotropes of this
element have been reported, beginning with the discovery of buckminsterfullerene (zero-dimensional
“0D”) in 1985 [95] to carbon nanotubes in 1991 [96] and finally, the isolation of single-layer graphene
sheets [97]. These allotropes of carbon stretching from diamond through to the amorphous carbon to
fullerenes encompass all conceivable dimensionalities of materials structure and property from 0D to

3D, a characteristic feature that has not been witnessed for any other element except carbon.

Diamond-like carbon (DLC) is a general term used to describe an array of amorphous diamond-like
carbon derivatives. Consequently, it has been used rather universally to describe the many types of non-
crystalline, hard carbonaceous thin films [98]. However, in reality, its properties can significantly vary
to that of diamond [99] due to the inherent infinitely tunable array of properties resulting from the
flexibility in their synthesis. Possessing superior film properties as a lubricative material in tribological
applications, high hardness, and stable chemical properties, DLC thin films have intensified the drive
away from a vapour-phase synthesis of crystalline diamond material [100].

This section will review the preparation, characterization, types, deposition mechanism, bonding,

mechanical and electrical properties as well as some useful applications of DLC coatings.

2.5.1 DLC structure and bonding mechanism

Carbon can form a prodigious array of amorphous and crystalline structures because of its ability to
assume different bonding types and arrangements and exists in three hybridization states: sp*, sp? and
sp* (Figure 2-12) [101]. Due to its 4 available valence electrons, two of which are in the P-orbital and

the other 2 in the S-orbital, hence yielding a ground state electronic configuration of 1s22s22p,'2p,*.

Carbon can bond covalently with other elements. Hybridization in carbon can generally form two
uniquely different covalent bond types; sigma(c) bonds, which are the strongest carbon bonds formed
by overlapping electron clouds around the nuclei and pi () bonds, which are weaker bonds formed

between overlapping P-orbitals by localized electrons.
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Figure 2-12- The hybridization bonding state of carbon showing sp?, sp?, sp* [101].
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Figure 2-13- Electronic configuration of carbon [102].

The configuration involving sp® hybridization bonding, as seen in diamond, is such that, the four valence
electrons of the carbon atom are each allocated to a tetrahedrally orientated sp® orbital, which makes a
uniquely strong ¢ bond to a neighbouring available atom [102]. In the three-fold harmonized graphitic
structure, characterized by sp? configuration (Figure 2-13), three out of the four valence electrons form
o bonds in a trigonally directed sp? orbital with the fourth unpaired electron of the sp? atom lying in the
pr orbital, oriented normal to the ¢ bonding plane. This delocalized pr orbital has no affinity to bond
with any neighbouring atom in the planar structure and so form a weaker 7 bond given graphite its
characteristic layered structure (Figure 2-14). This property allows for a very low coefficient of friction
to be achieved (as low as 0.001 [103]).
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Figure 2-14- Carbon structure showing (a) sp® tetrahedral bonds in diamond (b) sp? planar
bond in graphite [101].
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In the sp* hybridization, two out of the four valence electrons enter the pr orbital orientation in both
the y and z directions whilst the remaining two electrons form ¢ bonds oriented along the + x-axis. As
a result of the wide physical and chemical properties exhibited by diamonds in real-life applications
(high atomic density and bulk modulus, high thermal conductivity at room temperature) the search for
artificial diamond-like materials to mimic these impressive properties has always been the focus for

material scientists.

DLC films synthesized in the laboratory have over the years proven to be a great success with extremely
similar physical and chemical properties to actual diamond, such as elastic modulus, hardness and
chemical inertness [101]. However, these properties are attained in an isotropic disorderly fashion with
no crystalline structure. Typical properties of DLC forms are compared with graphite and diamond in
Table 2-6.

Table 2-6- A comparative physical property table of amorphous carbon with diamond, graphite,
Ceo, and polyethene [101].

sp(%) H(%)  Density(gcm™®) Gap (V) Hardness(GPa)

Diamond 100 0 3.515 55 100
Graphite 0 0 2.267 0 0.2
Ceo 0 0 1.6
Glassy C 0 0 1.3-1.55 0.01 3
Evaporated C 0 0 1.9 0.4-0.7 3
Sputtered C 5 0 2.2 0.5
ta-C 80-88 0 3.1 2.5 80
a-C:H hard 40 30-40 1.6-2.2 1.1-1.7 10-20
a-C:H soft 60 40-50 1.2-1.6 1.7-4 <10
ta-C:H 70 30 2.4 2.0-2.5 50
Polyethylene 100 67 0.92 6 0.01

The composition of DLC consists of not only amorphous carbon (a-C) but also hydrogenated allotropes,
a-C:H with varying sp?sp® ratios. With a ternary phase diagram (Figure 2-15) showing the varying
bonding types in amorphous carbon-hydrogen alloys, the true sense of the distinguishing C structures
could be captured. The bottom left corner shows a disordered graphitized region predominantly
composed of sp? hybridization where materials such as soot, char, glassy carbon and evaporated a-C.
The limit of the triangle to the right is defined by two hydrocarbon polymers, polyethene, and
polyacetylene beyond which the formation of C-C network bonds are restricted, and only molecules
are formed [101]. Plasma enhanced deposition methods have been developed over the last few decades
to push the limits from a more predominantly sp? regime to higher sp®fractions where diamond-like
properties could be actualized for enhanced product functionality. In thin films where this becomes a
reality, McKenzie [104] proposed a tetrahedral amorphous carbon (ta-C) instead of the sp? a-C form to

distinguish the two materials. A range of deposition methods, for example, plasma-enhanced chemical
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deposition (PECVD) technique, has shown to produce a-C:H films with diamond-like properties, hence
being able to reach into the interior of the ternary phase diagram. Even though it is diamond-like, its
hydrogen content is much larger than its sp® content producing a hydrogenated tetrahedral amorphous
carbon(ta:C-H) in the process.

sp® Diamond-like

graphitic C

sp?

Figure 2-15- A ternary phase diagram showing the classification of DLC structures [101].

2.5.1.1 Diamond-like carbon synthesis using PECVD systems

Even though the mechanism of diamond synthesis is not fully understood, several authors like Setaka
et al., [105] have had greater success in understanding the synthesis of DLC coatings using MW-
PECVD. Other research areas have also shown considerable potentials in the use of carbon targets in
the synthesis of DLC coating using the PVD technique [106, 85]. However, the most important feature
demonstrated by these findings is the use of hydrocarbon gases such as methane, acetylene and other

forms of C-H containing compounds as working gases in the synthesis process.

For MW-PECVD deposition, Setaka et al. [105] proposed a conceptualised diagram describing the
formation of DLC coating using methane gas (Figure 2-16). Here, the hydrocarbon species are
decomposed in the plasma body with chemically active fragmentary hydrocarbon radicals and ions
formed, which are later spontaneously diffused and adsorbed onto the substrate surface. During the
early stages of carbon cluster formation, thermodynamically stable graphitic and amorphous structures
are formed with an interspersed metastable diamond cluster. Setaka et al. [105] noted further that, since
this chemical reaction rate between atomic hydrogen and graphite is 20 to 30 times faster than that of
diamond, the exclusion of graphite as a result of the presence of higher atomic hydrogen is inevitable.
This means by having differing target materials or precursor gases, pressure, temperature, electron or
ion energies, thin films produced inevitably will display a varying array of physical characteristics from
the soft and very lubricating a-C:H films, through to the formation of ta-C films with close performance
to that of diamond [101].
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Figure 2-16- Schematic diagram showing the mechanism of DLC formation using MW-PECVD
technique [105].

Plasma-assisted chemical vapour deposition (PECVD or PACVD) for DLC formation provide a hybrid
deposition technique where chemical vapour deposition techniques are activated by energetic electrons
(usually between 100-300 eV) within a plasma body. Whereas most PVD methods such as sputtering
are initiated by inert precursor gases such as argon, PECVD allow the deposition of DLC using highly
ionizable gases such as acetylene, benzene, etc. Precursors with low ionization potential such as benzene
were primarily used as they promote higher deposition rates. However, research has shown that DLC
properties rely on the ionic energy requirement per C atom and for benzene, this energy is equal to 100
eV per C atom [101]. Acetylene, on the other hand, has simple dissociating paths with a more acceptable
ionization energy requirement of 200 eV, giving mainly C,H,* ions as seen in Figure 2-17. For
mechanical applications, acetylene gas is always the preferred precursor choice, however, for electronic
applications, the choice of selectivity is dependent on gas purity. Acetylene, on the other hand, is not
available in high purity form and possesses a considerable high amount of nitrogen impurities which

acts as a dopant in high-density plasma deposition systems [107].

It is well known that the temperature within the deposition chamber and on the substrate during plasma
species bombardment is crucial to film growth. As a result, the stability and formation of highly
preferred sp®or sp?sites are altered due to the preferential displacement by energetic ions and neutral
species during thin film formation and growth. The growth and physical properties associated with a-
C:H films are extremely dependent on the temperature variability during deposition and as such, the
contribution to temperature build-up and film growth by the bombarding species are key during the
deposition process. The contribution to film growth by neutral species was initially thought to have
been heavily dependent on the mass deposition rate and as such higher deposition rates were expected.
However, it was noted that the growth rate in itself is independent of temperature [101]. This was
initially thought to be the case due to poorly adhered neutral species which will desorb at a higher

temperature. Later on, it was concluded that this temperature reliance is as a result of the atomic
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hydrogen etching effect on the thin film. Vacuum deposition involving either PVVD or PECVD processes
is pressure-dependent and tend to affect plasma stability and ionization of neutral atoms, film growth
rate and sputter yield, and coating property. Typically, PECVD processes operating pressure is between
0.01 to 5Torr, allowing for the deposition of DLC films unto low thermal sensitive materials like

polymeric materials.
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Figure 2-17- Deposition rate of a-C:H by PECVD vs. ionization potential of some useful precursor
gases [101].

2.6 DLC as a functional coating for polymer-based materials

Modern assemblies of mechanical parts frequently operate within the boundary-lubricating regime
where close contact asperity interaction can occur, as against thick lubricating film separating the sliding
contact surfaces and consequently avoiding direct contact. Carbon-based coatings especially DLC films

combine naturally the desired for low friction to high wear resistance.

Only until recently, has some efforts been made to deposit DLC coatings onto polymer substrates for
tribological application. Pei et al. [108] noted that due to difficulty in measuring the coefficient of
friction (CoF) for polymer materials, experimental data for DLC coated polymer materials were
somehow contradictory, as Nakahigashi et al. [109] observed a CoF value close to 1 for DLC coated
rubber compared with that of pristine rubber at 6. In contrast, other similar work reported a CoF in the
range of 0.25 0.4 for DLC coated polymers as against a CoF value of 0.7-1.5 for uncoated polymers
[110, 111] using He/C,H, gas mixture at 0.15Torr. Carley [112] in an experiment to establish the CoF
variability using MW-plasma from both Ar and O, treated ABS polymers and DLC coated ABS using
MW-PECVD, observed that, at steady state, the lowest CoF of 0.45-0.52 can be achieved for both
microwave Ar and O, plasma-treated ABS sliding against stainless steel. However, although these
reported CoF values may seem rather high compared with other engineering materials like steel [113],

the performance of coated DLC parts in reducing the overall CoF with time cannot be underestimated.
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Many researchers have tried to clarify the role DLC coatings play in achieving such low frictional values
by studying the structural transition between the bonding states of sp%/sp® species giving rise to varying
amorphization in diamond [109]. Early research studies showed that the graphitization of DLC coating
may be solely responsible for such low frictional values [114], however, recent research has shown that,
aside from the role DLC graphitization play in achieving low friction, the presence of high hydrogen
levels within DLC films play a significant role in reducing the CoF value further by affecting film
hardness, transfer layer generation and C—-C bonding state [115]. Similar observations were made by
Carley [112] when he deposited MW-PECVD on ABS substrate.

Carley [112] also compared the performance of different MW-PECVD DLC coatings on ABS and PEI
polymer substrates to both indentation and Rockwell adhesion tests. His research showed improved
guantitative results for coating hardness and scratch-resistance of the material surface. However, he
observed that the substrate effect was still present at an indentation depth of < 5% of coating thickness.
These substrate effects demonstrate to a larger extent the limitations an applied load has on coating
strain failure during plastic deformation under repetitive stress. Damasceno et al. [116], further
demonstrated a similar trend observed by Carley [112] but later noted rather opposite trends for both
scratch and micro-hardness tests performed when DLC-Si coating was deposited on polyurethane
polymer. This means, to increase the resistance to deformation of a polymer surface, the polymer must
be elastic and same time hard.

Depending on the type of DLC coating one produces, hardness properties could vary significantly.
These coatings characteristically come in two major forms: hydrogenated amorphous carbon (a-C:H)
and amorphous (a-C). Subject to the sp?/sp® ratios and hydrogen content, DLC films are classified as
either soft or hard coatings [117]. Whereas hard DLC coatings may be suited for certain engineering
materials with higher modulus such as steel, depositing similar coating types on a polymer may cause
induced adhesion failure, leading to coating delamination as a result of the built-up of excessive
compressive residual stress between the coating/substrate interlayer [117]. As the typical distance
between two adjoining polymeric molecules is usually ~2.5, ~4.9 and ~7.4A, whilst a 3-dimensional
DLC structure has a typical distance of ~2.5A, which is shorter than most polymers. The use of
composite materials made of polymer and DLC may pose significant challenges due to their structural
differences [118] as observed by Beak [119] and Baek et al. [120]. Bull [121] observed that the
properties of both coating and substrate hardness have a positive correlation with the load-bearing
capacity of the coating/substrate system. Carley [122] reported in an earlier study that a-C:H coating
produced using MW-PECVD (2.7 - 4.9GPa) on ABS were prone to severe fracture and delamination
when a nominal scratch load of 7N was applied. He attributed this to tensile failure as the coating H

content reduces.
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The load-bearing mechanics leading to DLC coating failure on coated polymers have not been
extensively studied in the literature and for 3D printed polymers, are non-existent. Until now, few
authors have dealt with polymer-DLC composites. Though authors like Ollivier et al. [123] and Carley
[112] have assessed the adhesion performance of DLC films on Polyethylene Terephthalate (PET) and
ABS using tensile testing, the composite of harder coating on a softer substrate always pose a complex
mechanical response when deformed under load and in applications where friction and wear are
involved. As a consequence, this work seeks to provide some understanding into how the resulting DLC
coated 3D polymers studied in this work performs when under mechanical deformation at different

loads and frictional regimes.

Apart from using DLC coatings for various tribological and mechanical applications, other modified
variants could be synthesised and deposited onto polymers with the potential to resolve the problem of
poor barrier performance for gases and water vapour. The use of DLC as an effective barrier can
preserve material bulk properties by preventing material losses. Uncoated polymers usually have a
WVTR in the 0.1-100 g/m?-day range which is generally satisfactory for food packaging but not ideal
for electronic applications [124]. Dennler et al. [125] noted that to achieve a sufficient lifetime usage
for electronic application, a WVTR in the range of 10-° g/m?-day range is required. The application of
thin layers of a few microns is shown to improve this property. Although there are no reported cases
where these WVTR rates have been achieved using DLC films in literature, a few researchers have
shown its viability in reducing the WVTR function. Ray et al. [126] after depositing 81nm of a-C:H on
PET substrate observed a 49.87 g/m?-day WVTR. This was approximately 10 times better than its
pristine value. Zhang et al. [127] proposed that the degree of DLC film amorphization leading to varying
sp? and sp? content produces unique WVTR responses. They observed a 12 times improvement in
WVTR function compared to the pristine PET substrate as the DLC film produces a 40 % sp3 content.
As a majority of the attention has been focused on the study of DLC film-forming technology with
greater emphasis on film structure and morphology characterisation using techniques such as atomic
force microscopy (AFM), X-ray and scanning electron microscopy (SEM), the connection between
material bulk porosity, DLC thin-film synthesis using MW-PECVD and its synergy with 3D printed

polymers in improving barrier performance, especially WVTR is explored in this study.

2.6 Challenges in coating polymers

The limited use of polymer-based materials especially AM polymers in plasma deposition methods has
been mainly due to the potential influence of heat on the substrate. These polymers have considerably
low melting temperatures and poor thermal instability when compared with other metallic materials.
Their glass transition temperature (T4), which is one of the most important thermal properties of any

polymer defines the temperature range within which the polymer transitions from being a rigid solid
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mass (glassy material) to a more pliable or rubbery material at elevated temperatures. T is not a distinct
thermodynamic transition state, but a temperature range within which microscopic polymeric chain
mobility increases with increasing temperature. The state and change in molecular structure mobility of
polymer to temperature variation are considered very useful when choosing any materials for high-
temperature application.

Thin-film deposition using PVD or CVD is a high-temperature deposition process and depending on the
coating selection method employed, vacuum deposition temperatures could range from 100 °C to 500
°C [128]. These deposition temperatures on average are by far greater than most T and T, of essentially
many engineering polymers. Acrylonitrile-butadiene-styrene (ABS) for example has a Tq and T of 105
and 230 °C respectively, as against carbon steel which has a Tm of 1363 °C. This means similar
deposition conditions cannot be used for both substrates as this may result in severe structural defects
or deformation (through melting, degradation) of the polymer.

Plasma and neutral gas-phase particles, tend to be much thermalized and disperse energetic particles,
which greatly increase the temperature of the substrate, most especially the near-surface temperature. A
typical heating curve for polymer, glass and metallic substrate during film deposition and growth using
an ion-assist deposition technique is illustrated in Figure 2-18. With an initial deposition temperature of
about 22.5 °C, the rates of temperature change with time for each sample varied significantly at each
deposition stage until Trmax Was attained. The plot further showed polymer samples heated up quickly

and had the highest Tmax When 100 nm of thin film was deposited unto the substrate.
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Figure 2-18- Temperature development measured for different engineering materials [129].

Schulz [129], in a review of modern techniques in characterising the antireflective behaviour of
thermoplastic materials, indicated that the rate of substrate heating is a combined function of the average
heat energy received from sputtered particles and the plasma source used in the sputtering process.

However, Yamamoto et al. [130] further went on to demonstrate that the temperature of a polymer
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substrate is a function of the radiation heat from the electrode and deposition chamber walls as well as
the plasma source as shown in Figure 2-19.

The first task of any deposition process involving polymeric materials is to provide a coating method
that minimizes the temperature upsurge during the process of thin-film deposition. However, depending
on the type and mode of application, polymer materials can be coated with functionalized thin film by
adjusting both the process and operational parameters during plasma generation and thin film deposition
stages. The process of generating and sustaining a plasma body, most especially within the glow

discharge region is highly dependent on the voltage applied, current and pressure of the system.
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Figure 2-19- Substrate temperature dependence curve [130].

In other to sustain a plasma body, there is always the need to maintain high ionisation efficiency between
the charged particles (electrons) on one hand and the neutral gas atoms on the other. Upon impacting
the substrate surface, these energetic particles cause molecular vibration at the near-surface resulting in
substrate heating in the process. To minimise this problem of substrate heating, the cathodic voltage and
plasma energy must be adequately controlled during the deposition phase. This, however, has the added
disadvantage of reducing sputter yield in the case of a PVD system, resulting in prolonged deposition
time. Nonetheless, it is an effective way of introducing functionality to polymer substrates with low Ty
and T values through time step deposition without causing any physical deformation to the substrate.
Sarto et al. [131] in the study of the effect of low energy ion bombardment on polydiethylenei-glycol-
bis allyl-carbonate (CR39) and polycarbonate (PC) polymer substrate, successfully deposited hard oxide
thin film coating by keeping the substrate temperature below its Ty He further demonstrated that PC
polymers could be coated below 50 °C by using 3 runs of 12mins of intermittent cooling period lasting
a total of 1hr. Carley [112] kept the temperature of both acrylonitrile butadiene styrene (ABS) and
Polyetherimide (PEI) at 70 °C by depositing DLC coatings during a 16-26 minute run with an
intermittent cooling period of 1hr.
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2.7 Thin film adhesion on polymer

The adherence of thin-film and multi-layered structures, on surfaces especially polymer substrates often
dictate reliability, most importantly in applications where devices undergo thermo-mechanical cycling.
In recent times, the adhesion of thin films has mainly focused on understanding the mechanics of
mechanical coupling and molecular bonding or surface chemistry interaction between deposited thin
films and their substrate counterparts.

Mechanical coupling or surface interlocking mechanism is centred on the principles of physical
interlocking of two surfaces such that one material or the other must fracture or distort for both materials
to be separated. Currently, the debate surrounding the process of surface binding is very much divided
with different sides to the argument. It is of the view by some researchers that adhesion is highly
improved during mechanical interlocking whereas others believe the process of achieving higher
molecular bonding between thin film and substrate is through surface roughening. Vasconcelos et al.
[132] in an experiment to determine the adhesion mechanism existing between aluminium particles and
an epoxy-based matrix concluded the process is controlled not only by the physical-mechanical

interaction at the interface but also the weak chemical interaction between the two surfaces.

Molecular interaction through surface bonding is the most accepted mechanism for explaining the
process of adhesion between two surfaces in contact. These intermolecular interactions could be
electrostatic, chemical or Van der Waals type. Meaning both the deposited material and substrate have
a major role to play in deciding the level of adhesion that could be achieved. Dos Santos Ferreira et al.
[133], observed this phenomenon when depositing four different metallic thin films onto ABS
substrates. The total fracture energy observed during the peel-off test showed a stronger adhesion in the
following ranking sequence; Cu< (1.0) <Ti (1.4) <Cr (2.1) <Al (2.3), by qualitatively comparing all the
adhesion responses with copper as the reference material. In another experiment to ascertain the effect
of surface roughness contribution to adhesion through mechanical interlocking, the fracture energy for
PP, PET, PC, PET-G and ABS were studied. Using ABS as a reference, the different fracture toughness
value of the individual polymers were ranked as follows; PP (0.005) <PET (3.1) <PC (0.12) <PET-G
(0.30) <ABS (1). However, the most striking findings observed were the huge fracture energy
differences recorded for both PET and PET-G. polymers. With a highly rough PET-G polymer surface,
it was expected the mechanism of surface interlocking will play a significant role in improving fracture
toughness, however, the opposite was observed in this case with PET showing an increased fracture
toughness value (almost a factor of 10). This goes to confirm that the chemistry of adhesion is very
much reliant on the surface chemistry as well as the molecular bonding interaction between the

contacting species, rather than exclusively relying on mechanical interlocking.
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The key to achieving superior functionality in all coated polymer applications is to have a reproducible
substrate surface. However, many of the properties, which define most polymeric materials, rely on the
structure, chemical composition of the near-surface and most importantly the positioning of specific
chemical functionality. In this regard, process parameters that lead to polymer surface modification are
targeted at enhancing good bonding with any deposited layer.

In most cases, polymers surfaces have relatively very low surface energies per unit area as compared to
other engineering materials such as metal. This in effect makes these materials unsuitable for direct
coating or the deposition of either similar or dissimilar thin-film material. To resolve the issue of poor
adhesion between polymer substrate and deposited thin-film material, surface energy modification is
always considered key. However, this method alone does not guarantee good adhesion; but rather the
flexibility of the process enhances the modification of the material chemistry for optimum adhesion
[134].

This means surface preparation is critical in achieving the required physical and chemical surface
modification. Most commonly, treatment methods such as plasma treatment, chemical treatment, ion
beam, X-rays, and other heat treatment methods are mostly employed to influence adhesion, surface
structure and morphology, texture and property [135]. Nevertheless, the consequences of these surface
modification techniques are most often than not short-lived and degrade with time, hence must be

utilised within the shortest time after activation [136].

Chemical surface modification is aimed at creating new functional groups at the boundary of the
materials undergoing adhesion. Surface treatment of polymer using chemical treatment with specific
chemical reagents such as acids and oxidisers have been extensively investigated to increase surface
polarity by creating stronger adhesive molecular force between the substrate and deposited thin film
[136]. The application of solvent-based surface primers especially toluene and xylene have been utilised
in some cases to improve polymer adhesion despite the negative environmental effect associated with
its usage. However, due to the risk associated with chemical surface treatment and the need to control
cross-contamination during the MW-PECVD deposition phase, the use of chemical treatment for surface

modification of the additively manufactured material was not be considered.

Polymer surface activation using plasma treatment has become one of the most vital techniques in
achieving good adhesion between substrates and thin film. Its importance in surface modification
processes provides the added advantage through the provision of a high-reliability bond structure at the
near-surface rather than the modification of the entire bulk material. Functionalisation of the substrate
species is key in this technique. Oxygen-containing plasma treatment of polymer substrate, for example,
induces the formation of functional groups such as C-O, C-0-O, C=0, O-C=0 and another hydroxyl
group. These oxygen-containing functional groups especially C=0, has been linked with increased

adhesion and improving surface wetting in PP polymer substrates [137, 138].
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Research has shown, that short time plasma pre-treatment on most polymeric materials, for example, PP
(<6s exposure time), can create a significantly higher adhesion bond than in primer pre-treatment
applications and as a result, adhesion using surface oxidation techniques have become increasingly
popular and effective in maintaining thermodynamically stable adhesion [137].

Plasma treatment methods and techniques come in various forms and the variability in the methods of
treatment such as plasma condition and gas composition defines how ions, electrons, radicals, fast-
moving neutrals and molecules affect the processes defined by the treatment method i.e. etching,
crosslinking and plasma activation. The process of achieving surface modification through plasma
treatment in a vacuum is an expensive process requiring expensive vacuum systems. However, new
techniques involving atmospheric plasma treatment of polymer materials have been introduced recently
to change the dynamics of surface modification. Messines et al. [139] using atmospheric plasma glow
discharge successfully deposited saline group onto the surface of PP to enhance the surface adhesion
property. Likewise, Guimond et al. [140] used a similar plasma treatment technique to alter the surface
functionality of PP film using air corona and nitrogen. It was noted that the use of nitrogen improved
significantly the surface energy of the polymer substrate by creating functional groups such as amine,
amide and hydroxyl groups on the substrate surface.

Recent studies using a combination of different surface analysing techniques, for example, XPS, atomic
force microscopy (AFM), secondary ion mass spectrometry (SIMS) have all shown a stronger
correlation between atmospheric plasma treatment and stronger surface adhesion properties in polymers
[141, 142]. Kwon et al. [141] in exploring the effect of plasma treatment time, power and gas flow rate
on surface energy concluded that the changes in surface free energy as a result of plasma exposure was

due to the simultaneous formation and breaking of polar bonds.

Kostler et al. [143] further reiterated this point when they investigated poly-diallyl dimethylammonium
chloride (PDADMAC) polymer and found a direct link between surface energy and polymer chain
arrangement at the near-surface. He concluded the experiment based on the contact angle measurement
for this sample. Most importantly, the type of plasma utilized for the process of surface modification
has a tremendous effect on surface adhesion and wettability as already pointed out. Research and
academic papers have shown the importance of plasma surface modification play in modifying substrate
surface energy through the addition of polar functional groups which is heavily linked to improving
surface wettability [142]. An investigation into the properties exhibited by pre-treated PP by an O, /Ar
plasma concluded that although both treatment methods improved the surface energy of the polymer
surface, Ar plasma outperformed O, plasma in improving substrate wettability [141]. This enhanced
capability achieved through Ar treatment allows for enhanced adhesion at the polymer substrate

interface as a result of the introduction of functionality to the otherwise neutral polymer substrate [142].
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2.8 Tribology
2.8.1 Fundamentals of tribology

Friction is defined as the tangential resistance force (F) which opposes motion when two contacting
surfaces are in relative motion [144].

F=uN ...... (2.1)

Where [ is the friction coefficient and N represent the normal force. As already articulated by Amonton
in 1699, the friction resistance is directly proportional to the applied load. W is independent of the
apparent contact area between the two bodies in relative motion. The value and significance of u are
highly dependent on whether the motion between the two contacting solids has just started or is already
in motion. In the former case before the two bodies are set in motion, static friction pg = F/N is
dominant. When in motion, the dynamic force or kinematic friction dominates this regime and is defined
as the ratio of the force required to maintain motion at a set speed and applied load: p; = F/N. Friction
contacts involving pure metals or alloys have been shown to promote high friction values due to their
strong adhesion necessitated by their strong metallic bonding with g equal to or greater than 2 [144].
Polymers, unlike metals and ceramics, exhibit low friction and high wear due to their low stiffness and

strength.

2.8.2 Friction of polymers

The events characterising the tribology of polymers entails a host of complex surface mechanical and
material interaction processes that differ from other engineering materials, for example, metals and
ceramic. It is well established that the size and structure of the macromolecule composing the linear
structure of a polymer molecule interlinked by weaker intermolecular forces provide a variety of
tribological applications creating unique material performances under both dry and lubricated contact
regimes. The basics of polymer tribology are such that, the key principal concepts defining tribological
performance is attributed to two main mechanisms, deformation and adhesion [145]. In the case
involving the deformation component, the resistance to deformation at the contact surface is primarily
a material-dependent property, however, the adhesion component is attributed to the interfacial bonds
formed or broken as a result of the weak polymer chains structure at the polymer surface or in the bulk
material [145, 146]. This makes PBMs very promising tribologically with the functional ability to
control both friction and wear behaviours under sliding contact on both non-polymer-on-polymer or

polymer-on-polymer tribosystems.

It is a common phenomenon in polymer tribology to see a directly proportional relationship between
frictional force and applied load as defined by Amontons’s law of friction [147], however, at certain

loads, this proportionality breaks down [148]. Several pieces of research have shown this phenomenon
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experimentally, where at 10-100 N, the friction coefficient remained essentially constant when a steel
ball slides over nylon, polymethylmethacrylate (PMMA), polyvinylchloride (PVC) and
polytetrafluoroethylene (PTFE) [149]. Bowers et al. [150] also obtained a similar frictional response

with similar materials at 2-15N.

To the right and left of this proportionality range, the relationship between the applied load and friction
force breaks down [148]. Rees [151] showed that at moderate loads 0.02-1N the coefficient of friction
decreases with increasing applied load. This typical behaviour is mostly associated with the elastic
deformation of the surface asperities [148]. On the other side of the proportionality limit, the reverse
occurs where there is an increase in friction force with increasing load due to the plastic deformation of
the surface asperities. Hence, as proposed by Kragelskii [152], the friction coefficient value passes
through an initial minimum elastic deformation contact region followed by a plastic deformation regime

where the coefficient of friction increases with increasing load.

Velocity variation at the contact surface of polymers is shown to be independent of the sliding velocity,
a good approximation that is only useful in the case where contact surface temperature variation, and
interfacial behaviour, remain insignificant as a result. At low velocities, the shear viscous resistance of
the surface asperities in the contact zone increases with increasing velocity. However, at high velocities,
the contact asperities experience elastic behaviour and as a consequence, the friction force relies only
marginally on the velocity. At a moderate range of velocities, all the above characteristics are in
competition and highly dependent on the force-sliding velocity curve of which is primarily dependent
on the polymer relaxation properties [153]. Due to the viscoelastic nature of polymers, they are very
sensitive to frictional heat created during solid-solid contact movements, where typically mechanical
energy is converted into heat energy in the process [154]. Hence, for smooth surfaces in a highly elastic
state, the basic mechanism controlling polymer friction is adhesion. However, several processes relating
to molecular chain incision due to the transformation of mechanical energy into heat at the contact
surface results from several mechanisms relating to plastic deformation, hysteresis and viscous flow of
the polymer material. For friction patterns as a function of temperature, a correlation is valid only when
a change in temperature on the contact surface produces no effect on adhesion [155]. In the case where
a polymer is transformed into a glassy state, mechanical loss contribution to the re-deformation of the

polymer surface layer become greater and contributes more to the friction coefficient.

2.8.3 Wear of polymers

Wear on PBMs is controlled by a series of multi-faceted regimes often distinguished by four main
modes; abrasive, adhesive, fatigue and tribo-chemical wear which results from the changes in the

chemical structure at the boundary layer during solid-solid contact [156].
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2.8.3.1 Abrasive wear

For most polymers, the fundamental mechanism which acts as the basis for wear relates to the cutting
and ploughing of surface asperities or harder wear particles [144]. It may result from many causes
including wear debris produced during limited lubrication conditions, wear particles suspended in
lubricated contact regimes, corrosion products, dust particles and rough surfaces. Particulates generated
under such regimes may move easily to abrade both surfaces in contact by a three-body abrasive
mechanism. However, they may become partly embedded in either one of the two mating surfaces and
act as an abrasive tool in a two-body abrasion [157]. Debris produced by abrasion commonly assume
the shape of scratch, gouges and scoring marks [146] on a much finer scale as though produced from a

material machining process.

Figure 2-20- Abrasive wear mechanism showing (a) two-body (b) three-body abrasion
mechanism [158].

The modes which form the foundation of deformation when abrasive particles act on plastic substrates
takes the shape of plastic grooving or ploughing and cutting. Where in the latter, materials in the form
of chips are displaced from the mating surface (Figure 2-20). Ploughing often results in the plastic
displacement of material in a sideways continuous fashion to form ridges adjacent to the developing
grove [146].

The loss in weight of solid material as a result of the continuous repetitive elastic and plastic deformation
of surface asperities lead to material removal and defines the wear of a material. The quantification of

wear defined by the specific wear rate g, is the volumetric loss of the solid material V;,s with an

applied force F and sliding length D.

_ Vloss
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2.8.3.2 Fatigue wear

The development of fatigue wear on polymers is a multi-faceted process where repetitive stressing on
the material surface create progressive fracture deformation. Its distinctive feature is the accretion of
irretrievable plastic deformation, giving rise to the generation and development of cracks (Figure 2-21).
In a friction contact characterised by repetitive stressing at the mating contact of both surfaces, each
asperity which forms part of the real contact area is capable of promoting pulse heating and plastic
deformation at this junction. As a consequence, the nucleation of defects in the surface is favoured by

two stress fields brought about by the local contact spots concentrated at the surface.

Figure 2-21- Fatigue wear damage on epoxy resin [146].

2.8.3.3 Adhesive wear

This wear mechanism entails the formation and rupture of micro-junctions formed as a result of
adhesion of polymer unto counter surface during rubbing. The welding between the opposing asperities
creates a distinguishing feature on the mating counterpart surfaces in that the localised transfer of wear
debris is governed by the bonding between the two contacting surfaces (Figure 2-22). Bely et al. [158]
explained that the characteristic transfer of wear debris during tribological contacts is a key feature in

the adhesive wear mechanism of polymers.

Load Material Transfer or
Particle Formation

Micro
Weld

Figure 2-22- Diagram showing a typical adhesive wear process [158].
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However, under certain conditions, the thin layer polymer transfer film is continuously carried away
from the counterface, thus increasing the wear rate in the process. The fragmentation of transfer polymer
may show up in a variety of shapes or form depending on the test conditions and operational
environment. Figure 2-23 shows a typical polymer fragmentation pattern shown on varying polymer
type surfaces against steel.

Figure 2-23- Polymer fragmentation transfer film against steel showing the deformation on (a)
and (b) HDPE, (c), (d) and (e) PA and (f) PTFE [158].

2.8.4 Tribology of coated polymers

Earlier literature on coatings for tribological applications included work done by Gorlach et al. [160],
and Kang and Eiss [161] on Pl-based copolymers who focused on the development of robust coatings
for tribological applications. Carbon-based coatings especially Diamond-like carbon (DLC) has shown
an unusual combination with polymer substrates for low friction coefficient, low wear, good adhesion,
relatively high hardness and high elastic properties [162]. Kaczorowski et al. [163] in the study of the
impact of plasma treatment on the tribological properties of DLC/PDMS substrates noted a reduction
in the CoF performance between both coated and uncoated substrates. They, however, noted that the
most obvious changes were seen when the polymer substrate was pre-treated. Kaczorowski et al. [164]
in another study to determine the friction coefficient of DLC on PEEK substrate observed that the best
tribological performance is seen for coatings with the lowest sp® C-C bonds. Similar results were

reported by Erdemir and Donnet [165].
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Several papers have studied similarly, the possibility of controlling properties of other engineering
polymers with DLC film by modifying both material and process parameters to achieve lower friction
and improved adhesion [166, 161, 103, 164]. To date, there are many well-known techniques for
producing DLC coating [166, 161, 103], with the dominant technique being CVD and PVD [163].
Nevertheless, there are still areas where the current technology for producing DLC using either
radiofrequency or micro-wave PECVD technology is still being explored. Such areas include coatings
on additively manufactured polymer substrates for enhanced engineering applications. In this case, a
significant problem is the limitation caused by the need to deposit at low temperatures (below 40 °C)

and the low value of Young’s modulus of the 3D printed polymers.

2.8.5 Tribology of additively manufactured polymers

The functional correlation between process parameters and wear have shown that PBM undergoes
several modes of wear, including abrasive, corrosive, fatigue and adhesive wear [167, 168]. The most
common mechanism, abrasive wear, is self-evident during a steel-on-polymer tribo contact [167]. More
often than not, there is no single wear regime characterising a tribo contact involving PBM on steel but

a combination of different wear regimes [144].

The frictional response of 3D manufactured PBM provide a different dimension to understanding the
role material properties such as hardness [169], surface roughness, and transfer layers play in different
tribological regimes. Most recently, a lot of work has been focused essentially on improving
dimensional accuracy [170], material strength characterisation [171, 172] and surface roughness
refinement [173], all to improve both friction and wear behaviour at the contact interface [171, 172].
Dawuod et al. [83], noted an increase in the friction behaviour of 3D-printed acrylonitrile butadiene
styrene (ABS) parts manufactured by fused deposition modelling when a positive raster gap was
introduced (as shown in Figure 2-24). They defined the raster gap as the gap distance between two
adjacent filaments, deposited in the same print plane). They demonstrated that this increase was a result
of the independent nature of the deposited filament structure within the filament modelling body

contributing separately to elevating the friction coefficient value.
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Figure 2-24- Tribological behaviour of pure acrylonitrile butadiene styrene manufactured using
fused deposition modelling (FDM) (a)friction coefficient and (b) specific wear rate. * - P is the
negative gap width +P is the positive gap width [83].

Sood et al. [170], reported similarly an increase in the wear rate when a positive gap is used during
manufacturing. The use of positive gap they noted, encourages the creation of pits on the wear surface.
Friction heat produced at the steel-polymer interface has a significant role to play on both interfacial
and wear adhesion behaviour of films [148]. Generally, thermally conductive metallic counterparts used
in tribo pair application involving polymers have shown to promote the formation and adhesion of

transfer films on hard metallic counterparts [167].

2.9 Polymer permeability

2.9.1 Introduction

The internal structural complexity of PBMs has shown extensive influence on the permeation of solutes
through polymer structure [174, 175]. For instance, polymer chain distribution of amorphous
thermoplastics shows extensive irregularity and randomness resulting in free volume or porosity within
the polymer structure. This free volume creates tortuous paths allowing gases and hydrate ions to move
freely within their pore structures. McKeen [176] recounted a permeability coefficient value twice as
much for CO, through an amorphous PEEK film in comparison with crystalline samples. Likewise,
studies conducted by Cowling and Park [177] on the permeability of CO,, H,, Ne and N, through a 90
% trans 1,4-polybutadiene described as crystalline and a mixed cis and trans 1,4 butadiene membrane
showed that the permeability of all the permeating species was nearly one order of magnitude larger for
the amorphous mixed cis and trans 1,4 butadiene membrane than for the crystalline trans 1,4-
polybutadiene.

The transition from glassy to a viscoelastic state defined by the T, of PBMs is very key in providing

material bulk properties such as permeability when exposed to heat. When polymers are exposed to an
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increasing temperature above its glass transition temperature, T4, polymer chains within the amorphous
region begin to re-orient to provide extra free volume space, hence, the proportional fraction free
volume space within the amorphous region increases linearly as temperature increase [178]. The
essence of Ty for most engineering polymers is to provide the maximum workable temperature, in
particular, the load-bearing and collapse rating exhibit for load-bearing structures. There are, however,
some suggestions that the T4 of polymers can be changed during exposure to fluids, which in some
cases are considered part of the ageing process. A common example is a change in the crystallisation
temperature of some polymers when exposed to supercritical CO,. Kikic et al. [179], noticed a decrease
in the crystalline temperature during the plasticization by supercritical CO, of poly-2,6 dimethyl
phenylene oxide (PPO), poly-acrylic acid (PAA). They later explained this complex phenomenon by
attributing the decline in Ty to polymer swelling and the self-lubricating effect possess by the
dissolved CO, gas acting to facilitate polymer chain movement. Randal [180] in an experiment
to determine the water vapour permeability of biodegradable polymers noted similarly, the

correlation between polymer crystallinity as a function of Tg.

2.9.2 Mechanism of gas permeation

The fundamental molecular transportation through polymer membrane occurs as a result of
indiscriminate molecular motion within the polymer matrix. The driving force which defines molecular
sorption, diffusion and permeation through a well-defined polymer membrane is governed by the
concentration gradient between the phase-separated by the penetrant and membrane. Fick’s first law of
diffusion, according to which the total diffusive flux, J, defines the amount of penetrants passing
through a plane of unit area normal to the direction of flow per unit time is proportional to the
concentration gradient.

6c> dp

—)=DS — ...... 2.
Tx S (2.3)

]=_D( dx

Where D, is the diffusion coefficient (length ?/time,cm?/s). % concentration gradient also known as the

solubility, S. p is the pressure and x is the material thickness (cm).

On the other hand, as the diffusion process proceeds, the rate of change of the penetrant concentration

9¢ across the diffusion membrane where x > 0 is described by Fick’s second law is:-

0x
dc b ac? -
] e (2.4)
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Generally, at unsteady state, where experiments are conducted over a small interval of c, an integral

diffusion coefficient function D over the concentration range c; and c, is given as;-
D = f D(c)dc/ci—cy ... (2.5)
C1

With ¢; and ¢, being the concentration gradient of the penetrant at the high and low molecular
concentration faces of the membrane (Figure 2-25)

Limit S L
layer Diffusion zone Limit layer

Pt
P

C
Upstream side * Downstream side
(high-pressure gas) c (low-pressure gas)
Pv
Polymer \ Pv

GM 5[!

Figure 2-25- Diffusion through polymer membrane showing the different resistance [181].

At a given temperature, the amount of gas dissolved in a material can be related to the partial pressure
by Henry’s Law;

Where C,s and p are the concentration, solubility and pressure of the permeant in the film.

At steady-state condition where the diffusion flow is constant throughout the membrane, Fick's first law

may be integrated to obtain the following expression

Assuming the solubility s and diffusion coefficient D of the permeant is independent of the permeant

concentration, then the permeability coefficient, P can be defined as:
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Therefore, the water vapour transmission rate (wvtr) can be expressed accordingly by the following
expression;

For a multilayer structure, the total permeability, P, can be expressed mathematically according to

laminate theory;

Where Xp, X and Xp are the polymer, inorganic and other layer film thickness. Pp, P and P; are the

permeabilities of the polymer, inorganic material and other layer thickness [181].
2.10 Water sorption

The sorption term usually describes the equilibrium amount of penetrants sorbed within the polymer
matrix. This term describes the adsorption, absorption as well as entrapment of penetrants within the
free voids of the polymer bulk material.

The governing thermodynamic condition of the polymer-sorbate system, in particular, the force and
nature of the said interaction at equilibrium are governed by classes of different sorption modes. Table
2-7 and Figure 2-26 present the sorption models for polymer sorbate interaction at equilibrium [181]

as well as the classes of thermodynamic interaction between both polymers and the sorbate.

Table 2-7- Different sorption interaction modes.

Sorption mode Sorption interaction mechanism
Henry polymer-polymer
Langmuir polymer-penetrant
Dual-mode combination of Henry’s and Langmuir modes
Flory-Huggins penetrant-penetrant
Brunauer-Emmett—  Combination of Langmuir and Flory-Huggins mode
Teller (BET)

The simplest sorption phenomenon which is also known as Henry’s sorption is considered in an ideal

case where a linear relationship exists between an absorbate as a function of pressure.

kp also, S, the solubility coefficient term of the sorbate in the polymer is defined by the solubility

constant term which is independent of sorbate concentration at a constant temperature [181].
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The sorption mode is essentially observed for weak low-pressure sorbate-polymer or sorbate-sorbate
interaction. In the Langmuir-mode sorption, the predominant interaction is defined by the polymer-
sorbate interaction where sorbed molecules occupy free volume fractions sites within the polymer
structural voids. At the point of maximum saturation, a tiny fraction of the diffused sorbate may
solubilise [181]. In Flory-Huggings mode, the interaction between the molecules of the sorbate is
stronger in comparison with the polymer-sorbate interaction resulting in an increased solubility
coefficient with pressure. This phenomenon provides two main possible behaviours according to Naylor
[182], which is the plasticisation of the polymer by the sorbate or the formation of sorbate clusters in
the case of hydrophobic water- polymer interaction. Brunauer-Emmett—Teller (BET) model serves to
provide the physical adsorption of sorbate unto highly hydrophilic polymers. The highly sorbed

molecules may exist at corresponding polar group sites and later cluster under high pressure.
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Figure 2-26- Sorption models for polymer sorbate interaction at equilibrium [181].

2.11 Overview of current coatings for improving barrier properties

Surface modification on polymers by thin nano-layers of hard coatings especially DLC has been
exploited extensively in the literature for barrier applications, especially in polymer applications.
Amongst thin two-dimensional (2D) materials, monolayer graphene produced by CVD technique has
been extensively investigated as a gas barrier. However, as a result of the presence of structural defects
such as grain boundary variations and point defects in polycrystalline graphene, low gas barrier
performance for graphene has been reported [183, 184]. In sputter deposition technique, a great number
of research has been focused on inorganic thin film coatings for barrier functionality. Normally, SiO»
and Al,Os are used for such applications. An overview of the WVTR achieve using inorganic sputter

coatings are shown in Table 2-8. These WVTR values are typically a magnitude higher than what is
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achieved using evaporation technique. However, for Al,Os and ZnSnO, coating, Fahlteich observed

higher WVTR when running in the transition mode rather than the oxide mode [185].

Table 2-8- WVTR for a single layer thin coating deposited by sputtering.

Coating Sputtering Substrate WVTR (MOCON)
technique
SiO, Planar RF magnetron PEN 5 x 102 g/m2-day [185]
TiO; Planar magnetron, PEN 3 x 10t g/m?-day [186]
reactive sputtering
Al,O3 Planar magnetron, PEN 1 x 102g/m?-day [186, 187]
reactive sputtering
Dual magnetron roll- PET 3 x 102 g/m2-day [188]
to-roll system
ZnSnOx Planar magnetron, PET 2 x 102g/m2-day [185]
reactive sputtering
SiZznO Planar RF magnetron PI 5 x 102 g/m2-day [189]

Besides the formation of metallic oxide coatings, the incorporation of nitrogen into metallic films or
oxides containing coatings (metal oxynitrides) has also been investigated as a means of improving the
barrier properties. Jin et al. [190], Lee et al. [191] and Iwamori et al. [192] have studied the barrier
performance of AlOx and SiOx incorporated with N.. For both films, the barrier properties were
significantly improved compared to the pristine metallic oxide film. Erla et al. [193] noted that the
inclusion of N2 promotes better interaction with H.O due to the presence of N-rich active sites. This
chemical interaction results in the formation of hydrated compounds which lead to water entrapment
and subsequently reduce permeation. Ray et al. [126] showed that, the effect of nitrogen doping on a-
C:H films has a positive correlation on the WVTR performance. They observed that, by increasing the
gas flow rate for nitrogen from 5sccm (standard cubic centimetre per minute) to 20sccm, an ~ 8 and

~12% reduction in the WVTR was observed for the respective DLC coating structures deposited on

PET polymers.
Table 2-9- PECVD deposited film for WVTR application
Coating Technique Substrate WVTR (MOCON)
SiON PECVD - 60 °C PET 7.6 x 10?2 g/m>-day
[191]
SiOx PECVD - 150 °C High temperature 3 x 10 g/m?-day [195]
PES
PECVD - 50 °C PET 1.3 x 10t g/m?-day [193]
SiCN Organic catalytic ~ High temperature 1 x 10 g/m*-day [196]
CVD 180 - 190 °C PES
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PECVD technique has in recent times shown greater potential in barrier coating applications due to its
high deposition rate and conformal coverage. Sekhar et al. [194] studied the effect of DLC coatings on
the gas barrier performance of PET substrate and saw a 5-10 times improvement in the gas barrier
performance. Current works (Table 2-9) have been focused primarily on the synthesis of silicon
derivative coatings such as oxides and nitrides with very limited work on DLC coatings synthesised
using MW-PECVD technique.

2.12 Surface texturing

The selection of surface engineering techniques for surface modification is an integral tool in designing
very adaptive and functioning surfaces for specific engineering purposes. Primarily, the most important
requirement involves one that provides one or more functional properties like wear resistance, creep,
fatigue, pitting resistance, barrier properties etc. As part of the modification techniques, surface
texturing have provided surface finishing roles offering additional independence to produce a
specifically defined function. However, the synergetic connection between the ambit of functional
material properties, application and engineering technologies are rather very complex. Technigques
including photo etching, laser and ion beam texturing, machining and plasma etching have become
common in providing a different geometrical pattern to control substrate contact behaviour. By
providing the right functionality, specific target application could be achieved. For example, surface
adhesion function could be enhanced by carefully controlling substrate surface free energy or
wettability through texturing [197]. A unique case is that of superhydrophobic surfaces produced by
sub-micron scale surface pattern to provide additional functionality to serve specific purposes, for
example, water repellent, self-cleaning and coating adhesion improvement [198]. By this method, Man-
Kwan et al. [198] demonstrated the effect of surface micro rolling-based texturing in improving the
hydrophobicity of aluminium surface. For polymers, considerable prominence is given to surface
adhesion improvement using both chemical and physical alteration methods. In tribological
applications, this approach has provided improved performance by introducing variation in surface
contact mechanics and response during surface contacts. Several authors have shown interesting results
in both experimental and computational studies to explain these responsive tribological performances
for textured surfaces under dry and lubricated contact regimes [199]. In a hydrodynamic lubrication
environment, the introduction of square-pattern dimples has been reported to lower the friction
coefficient response due to lubricant retention within the micro-pores and cavities [199]. Jaebong and
Cho [199] went further to demonstrate the effect of surface texture density in reducing the friction

coefficient of polyoxymethylene.
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2.12 Summary

The literature review has provided a comprehensive overview of the subject relating to polymer additive
manufacturing principles and how existing vacuum coating technology could be used to improve their
functional performance in the areas of tribology and barrier performance. The physics, principles and
application of using vacuum technology for the process of deposition coatings on polymer substrates,
with great emphasis on the most commonly used techniques such as PVD, CVD and PECVD are
discussed. The synthesis, properties and deposition of DLC coatings onto polymers are detailed. As
already discussed, the use of PECVD deposition has shown increasing usage in the deposition of DLC
coatings structures onto polymer substrates for enhanced functionality, however, the use of MW-
PECVD has not been explored in coating additively manufactured polymers. With techniques such as
CVD and PVD stilled on the rise, an ideal deposition process for polymers should satisfy the process
requirement in achieving a high deposition rate, good step coverage with desired functional properties
such as hardness, optical transparency and good adhesion [102].

Thin-film deposition using PVD or PE-CVD is a low to high-temperature deposition process and
depending on the coating selection method employed, vacuum deposition temperatures could range
from 100 to 500 °C. These deposition temperatures on average are by far greater than most glass
transition temperature (Tg) and melting temperatures (Tm) of essentially many engineering polymers.
Moulded ABS for example has a Ty of 105 °C as against a Polyjet additively manufactured ABS (3D
ABS) of 51 °C [69]. This means similar deposition conditions cannot be used for both substrates as this
may result in severe structural defects or deformation (through melting, degradation) of the 3D printed
polymer. Hence, the first task of any deposition process is to provide a coating method that minimizes
the temperature upsurge during the process of thin-film formation. PECVD has shown greater potential
in this regard by reducing the thermal load on polymers with low T4 and Tr, by allowing deposition at

room temperatures whilst maintaining a higher deposition rate throughout the deposition cycle.

This work focuses on providing a well-tailored and bespoke DLC coating produced using the MW-
PECVD technique to achieve an advantageous combination of 3D printed polymer bulk properties with
the particulate structural properties of a single layer DLC film to improve the functional properties of
the underlying AM polymer substrate. In this work, we explored the systematic study on a series of
nitrogen-doped DLC films grown under different gas flow regimes. Their microstructure, mechanical
properties, and chemical structural composition in relation to adhesion, barrier and tribological
functions will be studied and discussed. Both the uncoated and coated film properties (including
mechanical, physical and chemical) will be determined using techniques such as nanoindentation,

MICP, AFM, X-ray, Raman etc. These characterisation tests are designed to produce the best showcase
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of film properties that can be produced on AM polymers using the novel MW-PECVD deposition
technique.
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Chapter 3

Experimental methodology

3.1 Introduction

This section describes in detail the procedures and methods employed in the characterisation of all the
additively manufactured polymers selected for investigation and further outlines the technique used to
deposit coatings onto these polymers using MW-PECVD. The analysis in this chapter will focus on
three main parts; the first relating to sample preparation and characterisation (pre-coating), the second
relating to DLC coating and deposition, and lastly, coating assessment and performance (post-coating

analysis). A summary outline describing the experimental methodology is shown in Figure 3-1.

Experimental
methodology

\4

y A \ 4
Sample preparation DLC coating & Coating assessment and
& characterisation deposition performance analysis

\ 4 v

AM polymer Coated AM
analysis polymer analysis
A 4 A

- 3D polymer selection - Surface morphology
- Thermal Analysis - Adhesion
- Chemical analysis - Chemical structure
- Mechanical analysis - Mechanical x’tarization
- H, 0 absorption - Barrier properties
- MICP - Water sorption
- Surface texturing

Figure 3-1- Summary outline of the experimental methodology utilised in this study.
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3.2 Sample preparation and characterisation

3.2.1 Polymer selection and preparation

This section is aimed at providing a concise outline of the methods and procedures used in the
characterisation of all the additively manufactured polymers selected for investigation in this thesis. For
this study, a selection of 5 additively manufactured acrylic and epoxy-based resins was made through a
consultative study between P&G and the University of Leeds. Properties including Young’s modulus,
glass transition temperature and water absorption for the individual polymers are presented in Table
3-1. Figure 3-2 shows both AM printers (Polyjet 100 and EnvisionTech™) utilized in the manufacturing
of the 3D polymers. Due to their propriety rights, very little in terms of material properties or
characterisations have been reported in the literature. For this reason, this section serves to provide
adequate justification for characterising the properties of the individual polymers, such as physical,
mechanical, chemical, etc. and to provide the right suitability for use in a MW-PECVD system. These

selectivity methods as detailed in each section are presented below.

The liquid photopolymer resins for part manufacturing were supplied by Stratasys USA. A computer-
aided design (CAD) drawings for modelling the dimensions and sizes of the required sample to print
were created using Solidworks®2017 and printed using Polyjet® 1000 and EvisionTech printers [200]
as shown in Figure 3-3. Table 3-2 and Table 3-3 provide detailed parameter settings utilised for the
fabrication of both Polyjet® 1000 and EvisionTechTM printers respectively. For this study, two main
design options were printed. These were textured or untextured substrates. For the textured surfaces,
special design features were added to the substrate surface. Full details are shown in section 3.2.7 of
this Chapter. For the untextured surface, no additional features were added. However, as AM polymers
inherently possess rougher surfaces due to their method of printing which requires materials to be
layered sequentially, substrates printed for this work were of no exception. These design shapes were
modelled and printed based on the individual requirement of the equipment and characterisation
techniques used in this work [15]. Table 3-4 provides a summary of the additively manufactured parts
used in this work and the corresponding tests used in characterising both the uncoated and coated

samples.
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Table 3-1- General properties of selected additively manufactured polymers [69].

Young’s
Sample Glass Water Outgassing modulus
transition absorption (%) (<1%weight loss) (MPa)
temperature
(&)
3D ABS 61 - Y 2600-3000

Veroblue 49 15 N 2740
Verogray 56 11 N 3000
LS600 61 - N 1800
RCP30 45.08 - N N/A

envisioﬁ;lc.

&% e
(b)

(a)

Figure 3-2- Sample diagram of (a) Stratasys® Objet 1000TM 3d printer (b) P3 mini multi lens

envisionTech™ P4K series 3d printer [201].

Computer Aided Manufacturing (CAM) 3D Manufacturing System
Toolchain ’
......................................... I l
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3D Modelling L un - Sticer Utility Priter | | | Scanning Deposition
(CAD) g - T11™ (G-code generator) ~~"* Comms. S Paths T &
s . Program | UV Curing
l ! \ J
| v
"y Integrated Slicer T
: _p Firmware
and print program

Figure 3-3- Process flow diagram for the development and manufacture of the 3D printed parts
for both Polyjet and envisionTech™.,
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Table 3-2- Polyjet 1000 printer parameters for fabricating 3D polymers.

Polyjet 1000 printing parameters

Resolution
X-axis 300dpi
Y-axis 300dpi
Z-axis 1600dpi
Print Accuracy 600pm
Layer thickness 16 um

Table 3-3- EnvisionTEC™ P4K printer series parameters for fabricating 3D polymers.

EnvisionTEC™ P4K series printing parameters

Built Envelope 230 x 143.75 x 180 mm
Native Pixel Size XY 35 um
Pixel Size With ERM 23
Dynamic Voxel Resolution in Z 25 um
Projector Resolution 2560 x 1600 (WZXGA)

Table 3-4- Substrate design types with dimension and characterisation methods.

Substrate design Sample design type Dimension Characterisation
options techniques
A [Cirular disc shaped] 25mm (diameter) X WVTR, MICP
0.28mm (thickness)

B [Rectangular shaped] 20mm x15mm X 2mm Nanoindentation, SEM,
FTIR, Raman, Tribology

Untextured C [Rectangular shaped] 4.5mm x 5mm x 2mm AFM, Talysurf

profilometry, X-ray,
scratch test for adhesion
*D [Rectangular 4.5mm x 5mm x 2mm Scratch test for adhesion
shaped]-Polished
ASTM D638 See Figure 3-6 Mechanical test
Textured E[Circular disc shaped] 25mm (diameter) x WVTR, MICP

0.28mm (thickness)

3.2.2 Thermal analysis

The purpose of this selective test is to analyse and understand the thermal characteristics of the different

3D printed polymer samples under process control conditions and to further determine their suitability

for the coating process. This section describes two of the many thermal analytical methods used in the

characterisation of polymers.
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3.2.2.1 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) measures the response of polymers to heating. A typical DCS
set-up comprises a thermal cell with a sensory unit that registers the temperature variation between two
test cells, a thermally inert reference crucible (empty) and a sample filled crucible. The design of a DSC
system could either take the form of heat flux or a power compensated DSC module. Although
fundamentally different in operation, they have the added advantage of producing comparable data
during analysis. The Q20 DSC module works on the heat flux design principle where both sample and
reference pans are heated from the same source. The produced signal, which is a measure of the
temperature difference between the sample and reference material, is converted to a power differential
signal using the calibration sensory thermal unit. The uniqueness of this system relies on the symmetric
transfer of thermal energy from the furnace to the sample and reference pans through very conductive

materials. Depending on the design method, metals, ceramics or quartz glass can be used.

During the process of heating, heat flows to the sample and reference material to raise the set
temperature to produce a differential temperature signal AT which is usually transmitted in the form of
an electrical potential difference between the heat flow rate of the reference pan and sample. This is

given by the expression

AT =Ts—Tg e (3.1)

Where T and Ty, are the sample and reference temperatures.

The heat flow rate m, which is calculated by multiplying the differential temperature signal value by

the machine constant (factory installed), k' is given by the expression;

In most Q20 DSC’s, the heat flux is available for temperatures in the range of -1900 °C to 1600 °C
[202]. To determine the Tq of all the 3D samples under study, 8 mg of the individual samples were
weighed in a 70pL aluminium pan using a TA microbalance. With a heating and cooling cycle from 35

°C to 250 °C under N, environment, a heating rate of 10 °C/min was used.

3.2.2.2 Thermogravimetric analysis

Thermogravimetric analysis (TGA), unlike the DSC method, detects and measures changes in sample
mass as a measure of both physical and chemical properties when exposed to heating. Though many

variants in the overall type and design exist, the simplest design which is a basic feature in all TGA
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equipment comprises a high precision analytical microbalance to which the sample crucible is attached
(Figure 3-4).

1 Baffles

2 Reactive gas caplllary
3 Gas outlet

—— 4 Temperature sensors
=@ S5 Furnace heater

' 6 Furnace temperature
sensor

7 Adjustment ring welghts

8 Protective and purge
gas connector

9 Thermostated balance

Figure 3-4- Schematic presentation of TGA [203].

In most TGA designs, the equipment control and sample weight balance process are usually influenced
by the systems ability to regulate and maintain thermal system equilibrium through dynamic heating
and cooling cycles. The process of thermal analysis using TGA methods is an extremely beneficial tool
for defining several chemical kinetic processes of liquid and solid material, however, the
characterisation of these materials during thermal exposure is key especially during vaporisation,

sublimation and decomposition temperatures resulting in material loss.

In this work, the Mettler Toledo TGA/DC1™ equipment was used. Samples weighing Smg for each
additively manufactured polymer were utilised for this analysis. For all tests, a 70ul alumina crucible
pan was used. The temperature was cycled between 30 °C and 600 °C 25 times under both N,/Air
environment. The measured results of total mass change versus temperature for each duty cycle run was
noted and plotted to determine the activation energies for the individual polymers under both N,/Air.
Chapter 4 provides a detailed description and analysis of the TGA results.

3.2.4 Mechanical property analysis

Itis always very difficult in most cases to classify polymeric material unlike other engineering materials
such as metallic or glassy solids, as the majority of their mechanical properties rely strictly on the form
of testing, for instance, the rate of application of tensile load, the amount of strain and temperature.

Polymers are usually described as viscoelastic materials, due to their transitional character of acting in
one breathe as a viscous liquid and in another as an elastic solid. In most load application measurements,
polymers tend to exhibit glass-like properties at high frequencies of measurement or low-temperature
conditions. A typical polymer under such conditions may record very high Young’s modulus of between

1-10 GPa and at strains greater than 5 %, will experience complete failure or flow. However, the mode
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of application of the load is very key in determining the material selection and design parameters. The
different physical definitions of polymer behaviour such as creep, necking, fracture, etc., are always
considered unique to each polymer material and measurements in that regard are considered separate
by comparing different studies of polymer test methods under load tension.

For mechanical tensile testing, the uniaxial tension under load is often characterised by the minuscular
response from the material in tension where the strain is measured at the limit of deformation using an
extensometer or strain gauge [204, 205]. The outcome of such tests is a plot of a stress-strain curve or

equivalently force-displacement curve (Figure 3-5).

To characterise the tensile behaviour of the AM polymers, experimental testing using geometries as
specified in ASTM D-638 for Type IV was used. Tensile testing of each specimen was conducted on
the INSTRON 5967 universal tensile machine equipped with a 30 kN load cell. The INSTRON wedged
grips were displaced at a rate of 5 mm/min with a data (force, strain and grip displacement) capture rate
of 100 Hz. An axial clip-on 2630-107 extensometer (25 mm gauge length) was used to measure strain.
To ensure reliable and repeatable data, the tensile tests were repeated three times and an average was
calculated. The test specimens as shown in Figure 3-6 were all printed with a thickness of 4mm as
detailed in ASTM D-638 for the Type IV for polymer tensile testing. The individual STL file generated
from solid works were exported to both 3D printers as detailed in Figure 3-3. For this work, the force,

displacement and strain values were captured using the BlueHill software as detailed in Chapter 4.

Force

Displacement

Figure 3-5- Sample plot showing force-displacement cycle curve from a uniaxial tension test
[204].
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Figure 3-6- Schematic representation of the ASTM D638 Type IV tensile specimen with
geometric specification in mm.
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3.2.5 Water absorption

The water absorption properties of the 3D printed samples were tested according to the ASTM D570
standard for polymer materials. The rate function for water absorption utilised in this analysis sort to
define the portion of water absorbed by the 3D printed polymers where the relationship between
moisture absorbed and material performance can be made. In this test, the total amount of water sorbed
is determined by using equation 3.12. With the ASTM D570 absorption test as standards, samples to be
measured were first dried in an oven for 24hr at 25 °C to rid the surface of any adsorbed moisture. At
room temperature, samples were first weighed for their dry weight (W,,,) and later transferred into a
beaker containing distilled water for 24hr. After the end of the test, samples were removed from the
distilled water and dabbed gently with a lint-free cloth to remove any excess water. The final wet
weight ( W,,.¢) was recorded. From equation 3.12, the total percentage (%) water absorbed, W (%) was

computed. A total of 5 samples were measured and an average was taken.

3.2.6 Mercury porosimetry

Mercury porosimetry is an extremely useful technique for characterising pore size and pore distribution
functions in porous materials. The scope of characterisation covers a wide range of pores sizes from 3.5
nm to 500 um [206]. Since mercury is a non-wetting liquid, one of the main limitations is the inability
to measure the actual inner size of a pore but rather provide a measure to the pore entrance. The key
point defining the geometry for all pore structures defined within the remits of this technique assumes
a cylindrical pore geometry using a modified Young-Laplace equation or the Wash burn equation (3.13)
[207].

1 1 2ycos6
AP =y (— + —) =

n n Tpore

This equation relates to the pressure difference (4P) across the curved mercury interface defined by r;
and , to the equivalent pore size (7;,4,¢) Using the surface tension of mercury (y) and the contact angle
(0) between the mercury and the solid. A Micromeritics AutoporelV 9520 system was used for this
analysis. Samples with 25mm diameter and 0.28 mm thickness were oven-dried at 25 °C for 24 hr to
remove all free water adsorbed on the surface. Samples were later loaded into a penetrometer and
evacuated. This was later followed up by a mercury backfill. The penetrometer pressure was later

increased to 25 psi in the low-pressure port and up to 6000 psi in the high-pressure chamber. The
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mercury’s contact angle is 130 © and the surface tension is 485 dyn/cm. An injection rate of 0.001 pl/g/s

of mercury was used for this work.

3.2.7 Surface texturing

Surface modification techniques of polymer materials for enhanced performance, in general, have relied
primarily on the addition, removal or deformation of materials from the pristine surface, creating surface
modification properties that are either physical or chemical [208]. Techniques, for example,
photolithography, focus ion beam machining, micromachining, direct writing techniques among others,
have been used in recent times to modify polymer surfaces from the nano to the macro-scale.
Nevertheless, the prospect of using these methods involve the utilization of toxic chemicals in some
instances or the requirement for a multiplicity of steps, which could later turn cumbersome in the end.
Alternatively, a bespoke surface design approach using the Polyjet 1000 printer was utilised to create
two surface texture designs (shown in Figure 3-7 and Figure 3-8) to understand the limitations of aspect
ratio and feature size/proximity effects on the performance of the coated textured surface for water
barrier applications. In this work, aspect ratios (width: height) for textured A and B were 3.5:1 and 7:1
respectively.

Printed textured samples A and B as shown in both Figure 3-7 and Figure 3-8 were further studied for

their crack resistance properties under flexural load in a three-point bend test as shown in Figure 3-9.

Figure 3-8- Optical image of the Polyjet printed substrate detailing both textured substrates A
and B.
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Figure 3-9- Schematic view of the central part of the bending device and definition of direction
used for the three-point test.

The test is based on the traditional 3-point bending test as shown in Figure 3-9. During the test, the
applied load is continuously increased and recorded by the BlueHill software connected to the Instron
test device equipped with a 22 kN load cell. However, due to equipment limitations in the acquisition
of real-time in situ data, SEM surface observation of the coating deformation was performed. A
maximum set load of 100 N was applied to all samples tested in this experiment. The bending speed
was Imm/min. Further functional analysis to determine the water barrier function for both textured

(coated and uncoated) and untextured (coated and uncoated) are detailed in Chapter 8 of this thesis.

3.2.8 Surface roughness measurement

Surface roughness for both uncoated and DLC coated samples was measured using a 2D contact
Talysurf PG1800 profilometry scanner. A surface topography scan using a diamond stylus tip with a 2
um radius was utilised. A defined scan length of 4.7 mm with a Gaussian filter cut-off of 2.5 mm and a
bandwidth of 100:1 was utilised. Roughness measurements were repeated five times on each sample

surface. Further details are shown in Chapter 5 of this thesis.

3.2.9 Mechanical surface polishing

To further investigate the effect of surface roughness on the adhesion performance of the coated printed
substrates, an EcoMet 250 mechanical circular grinder was used to polish the surfaces of the printed
substrates (untextured printed substrate) to obtain an Ra value of 38.5 £ 2 nm. The process involved
wet grinding each substrate successively with a 320, 600 and 1200 silicon carbide (SiC) grit paper. This
method leaves circular grinding layout marks on the substrate surface that may later contribute to poor
coating adhesion. Subsequently, samples were later polished with successive fibre polishing cloth
(MicroFloc) and polycrystalline diamond suspension until a surface roughness (Ra) value of 38.5 + 2
nm was attained. Using the MicroFloc further removes the majority of the rough layout patterns on the
substrate surface to give a smooth finish. After polishing, samples were rinsed in distilled water and

oven-dried for 48hrs at 30 °C in a vacuum furnace.
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3.3 DLC coating and deposition

3.3.1 Introduction

This section describes in detail the coating methods used in undertaking the experimental work for this
thesis. A fundamental understanding of the key processes and equipment describing the coating
methodology and recipe design for coating the individual test polymers are described with the focus on
PECVD technique. To correctly utilise and interpret the results, a comprehensive analysis of the coated

samples using varying coating characterisation techniques are discussed in this chapter.

3.3.2 Coating system

The Hauzer Flexicoat 850 coating system situated in the advanced coatings laboratory at the University
of Leeds was used for depositing all coatings in this project. A follow up detailed description of the

system is explained.

The Hauzer Flexicoat 850 is an integrated modular coating system with microwave (MW), pulse DC,
high power impulse magnetron sputtering (HiPIMS), filtered arc deposition, radio frequency (rf) bias,
cold finger, plasma etching capabilities and nano-particle source functions. The configuration detail
used in this work comprises two 1200W microwave sources installed in parabolic reflectors, three
circular arc evaporation targets, a 600 x 50 mm magnetron target and a remote plasma source
comprising of a copper anode and tungsten cathode wire with a 200A maximum current capacity.
Schematic representation of the deposition chamber layout in the Hauzer Flexicoat 850 is shown in
Figure 3-10.
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Figure 3-10- Top view deposition chamber of the Hauzer Flexicoater 850.
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The filtered arc deposition system (FCARC) shown in Figure 3-10 provides a frontal sectional view
which serves as an entry point into the chamber with added functionality for potential target add-on
aside from the FARC. The operation of the sputtering targets positioned opposite each other provide
added advantage for coating using high power impulse magnetron sputtering (HiPIMS), direct current
(DC) or pulsed DC modes. Opposite the FARC is the microwave source function which is built into the

rear opening to the chamber as shown in Figure 3-11.
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Figure 3-11- Schematic diagram showing the microwave power source antenna (a) frontal view
(b) side view.

With two working microwave antennae at 2.4 GHz, the solid stainless-steel mount designed to
effectively direct plasma into a quasi-parallel beam using a steel parabolic reflector provides energy
input at up to 1.2 kW into the working gas. With two integrated cooling systems found in the centre of
the antennae and at the reflectors, overheating during the coating process is controlled using both cold
air and water. The Flexicoater 850 also houses within it a detachable cylindrical column which serves
as the substrate holder during deposition. The cylindrical column provides added advantage during the
coating process by allowing independent rotation of the dummies (substrate holder) from the table in a
two-fold rotation mechanism or by allowing independent rotation of the samples to both table and
dummies throughout the coating process. To produce high performance and quality coatings, it is a
common practice to adopt substrate biasing to have direct control over adatom mobility during coating
growth, however, these sputtering options available in the Hauzer Flexicoater were not exploited in this
research as this goes beyond the scope of this thesis. Operations involving substrate biasing are achieved
through the substrate holder table with DC power supply functions at either constant, pulse or bi-polar
pulse. The main coating deposition technique adopted to deposit coatings unto the 3D printed polymer

substrates in this work is based on PECVD using microwave-assisted technique.
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3.3.3 Substrate preparation

A four-stage sample cleaning procedure was adopted to rid the 3D printed sample surfaces of any
potential contamination originating from either the 3D printing process or otherwise through the
handling of the samples before deposition. The first step of cleaning involves using pressurised water
to remove the bulk of support material left behind on the 3D printed polymer surface after completion
of the polymer print. This was followed through with a 30 minutes ultrasonic bath in distilled water to
further remove impurities that survived the water blast procedure. Samples were later stored in a
controlled vacuum heater oven at 35 °C for 48hrs to remove all interfacial and absorbed water
molecules. After adequately drying the samples, a suitable solvent with high volatility that causes no
chemical abrasion or damage to the surface on all the 3D printed polymers was chosen. Ethanol was
used with lint-free tissue to wipe down the surface further before and after mounting them within the
deposition chamber. A Kapton heat resistant tape was used to mount all samples onto the substrate
table. To further rid the surface of impurities and improve surface functionality and adhesion, a 3 mins
plasma surface etching (PSE) stage (Ar flow rate = 50sccm, Pressure = 1.2x10° mbar) was introduced
pre-deposition. With a surface heating rate of 1.75 °C/min, determined by two thermocouples located
on the substrate table, the maximum surface temperature attained during the 3min of surface Ar*

bombardment was 34 °C.

3.3.4 Coating deposition using MW-PECVD

As per any PECVD process which utilises a controlled high voltage potential across the working gas to
ignite and sustain a plasma, the acceleration of ion species within the plasma body to the substrate
material in the case of electrically conductive material promotes increased bombardment and film
growth with added functionality. However, polymers generally are non-conductive and by their nature
electrically insulating, hence, within the plasma body, the non-electrostatic attraction between the ions
and substrate creates a reduced ionisation effect. A phenomenon that leads to lower surface mobility of

ions, and the creation of reduced coating properties.

In this work, a design of experiment approach (DOE) was adopted in the design optimisation and
characterisation of the coating process to determine the effect of varying deposition conditions on the

properties of the resulting coating produced using the MW-PECVD.

For the DOE approach used as a basis for characterising the design space for this work, an initial model
was provided for by Procter & Gamble Innovation centre, London for depositing coatings unto polymer
substrates i.e. acrylonitrile butadiene styrene (ABS) and Polyetherimide (PEI) served as the basis for
all coating design in the deposition of DLC coatings unto the 3D printed samples. Table 3-5 shows the

initially proposed DOE parameters used.
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Table 3-5- Initially proposed DOE parameters used as the basis for formulating the coating recipe
for this thesis.

Leg Microwave Microwave Working Gas flow rates CoH:
Power Power Pressure ratio(Ar&C;H>) Partial
Setpoint (W) (Actual) (W) (mbar) (C2H2%) Pressure

1 1050 1032 0.012 94 0.0113
2 1100 1087 0.011 92 0.0101
3 1050 1032 0.011 85 0.0094
4 1100 1087 0.009 40 0.0036
5 1200 1178 0.009 74 0.0067
6 1200 1178 0.011 42 0.0046
7 1200 1178 0.011 91 0.0100
8 1050 1032 0.013 43 0.0056
9 1050 1032 0.011 66 0.0073
10 1100 1087 0.013 67 0.0087

In principle, this was found to be the most efficient approach in achieving a more robust and bespoke
DOE tailored to the requirements of the 3D printed samples instead of proposing a new design regime
using trial and error approach with prolonged modification time.

For the proposed DOE detailed in Table 3-5, greater emphases were placed on the applicability of using
similar process conditions for 3D printed polymer parts. Therefore, factors relating to heating rate,
starting deposition temperature, coating structure, adhesion and mechanical properties were all
considered as the bases for selection. An initial assessment of the coating structure synthesised using
the deposition parameters defined in Table 3-6 showed a poorly adhered coating structure. Detailed
characterisation of these coating is given in Chapter 5. Hence, there was the need to modify the design
to resolve the issue of adhesion and coating cracking resulting from the inherent stresses presented by
DLC coatings [117]. To this end, a modified coating design based on the pre-existing DOE (Table 3-6)
was adopted, where the effect N, was accessed together with C,H, gas. Nitrogen was used as a combined
strategy with C;H, gas to improve coating adhesion and coating cracking of the second family of
coatings developed (DLC/1 to 5). In total 5 DLCs namely, DLC/1 to DLC/5 are studied and presented
as the modified DLC coating (Table 3-7). The 5 DLCs form the bases upon which all further quantitative
and qualitative characterisation, as well as properties relating to their functionality, are made. Further

details on the modified coating design and structural characterisation are shown in Chapter 5.
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Table 3-6 Actual deposition parameters for 3 Leg DOE design deposition.

Leg Microwave Microwave Working Gas flow rates CaH:
Power Power Pressure ratio(Ar&C;H>) Partial
Setpoint (W)  (Actual) (W) (mbar) (C2H,%0) Pressure
1 1050 1032 0.012 94 0.0113
3 1050 1032 0.011 85 0.0094
6 1200 1178 0.011 42 0.0046

Table 3-7 Proposed parameters used to deposit the DLC coatings.

MW Power Working CoH> Ar flow
DLC (W) Pressure flow rate N2
(mbar) rate (sccm)
1 2 (sccm)

1 1050 1050 0.012 610 50 -
2 1050 1050 0.012 610 50 10
3 1050 1050 0.012 610 50 20
4 1050 1050 0.012 310 50 10
5 1050 1050 0.012 310 50 20

3.3.5 Substrate temperature control

To attain satisfactory coating on polymer substrates, several issues must be addressed. As polymeric
substrates have very low Tg and Tm temperatures [129, 179, 209], coatings must be grown at low
temperatures, which in some cases may result in low packing density resulting in film porosity [129].
For DLC films, structural transformation has been observed at different temperatures such as the
conversion of nano-crystalline graphite at 300 °C in atmospheric air or the decrease in hardness and
fracture toughness above 400 °C [210]. Even though several attempts have been made to deposit DLC
films onto various substrates at lower temperatures, its applications in low-temperature polymer
substrates (<100 °C) is still lacking. Carley [122] in his study of the mechanical behaviour of DLC
coatings showed that to successfully deposit this coating onto both ABS and PC polymers using MW-
PECVD, deposition runs should be split with intermittent cooling steps lasting an hr. Similarly, Sarto
et al. [131] used this technique of intermittent cool periods totalling an hour in the deposition of hard
oxide thin film coating on PC substrates. In this work, a similar technique was adopted for the control
of substrate temperature below 40°C during deposition using four thermocouple heat sensors located

on both chamber walls (2 fixed) and the substrate rotation table(2 rotating).
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3.4 Coating assessment and performance analysis

3.4.1 Surface morphology

3.4.1.1 Scanning electron microscopy

Scanning electron microscope (SEM) scan surfaces using a beam of electrons to produce a true image
of the surface under study. In a typical SEM device, electrons are emitted from an electron beam gun
under vacuum by either thermionic or field emissions, with the later using a large electric field to create

ionization in atomic species whilst the former uses current to discharge electrons in the process.

Electrons emitted from the electron gun are first attracted to the anodic section of the device where they
are accelerated and transmitted to the magnetic condenser to be later condensed and focused onto the
substrate surface for imaging. At the surface, electrons are either absorbed, reflected or may produce
secondary electrons from the excitation of the surface atomic species. Amongst the variety of electron
beams produced, the secondary and backscattered electrons are the most utilized sources for surface

imaging using specialist instrumentation within the sample chamber.

In the case that there is an imbalance in the proportion of incident to reflected electron beam hitting a
polymer surface where the incident electron is greater than the escaping electron species, charging effect
is observed on the surface of the polymer due to the negative charge accumulation at the point of
incident. This charging phenomenon causes a range of unusual defects in the quality of the image
produced by introducing unwanted noise to signal ratio. To solve this problem, polymer samples are
always coated with conductive material to mitigate this charging effect problem. A Carl Zeiss EVO
MA15 SEM was used to image the 3D polymer substrates. Image tuning was done over a range of
accelerating voltages, beam currents, and magnifications. An accelerated voltage of 20kV with
backscattered electron imaging was used to acquire surface imaging. Samples were mounted onto
metallic holders using a self-adhesive carbon pad with carbon gel applied to the sample edges for good
conductivity. Substrates were later coated with a thin conductive layer (~10nm) of iridium to allow
surface charge to dissipate through the sample holder. To obtain accurate measurements for each coating
thickness, measurements were taken at both centre and edge of each coated sample and the average

reported in this work as shown in Chapter 5.

3.4.1.2 Atomic force microscope (AFM)

The principal operation of an AFM relies on the accurate detection and measurement of interaction
forces acting between a sample surface and a contact probe tip at close proximity. To perform surface
high-resolution imaging of a surface, the probe tip is raster-scanned over the defined sample area and

defined by the interaction deflection force, F due to weak van der Waals repulsive forces experienced
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from the sample surface. An AFM force-distance curve which is defined by a plot of the tip-sample
distance against the tip-sample interaction force along the vertical axis (Z-axis) and the cantilever

deflection d. is given by Hooke’s law (3.14):
F=—=k.6; oo (3.5)

A typical AFM ( Figure 3-12) has a Z scanner (cantilever) that moves up and down the sample surface
based on the repulsive force measure, an additional XY scanner, that moves along the X and Y direction
underneath the cantilever and a position reflector that records the displacement and position of the
cantilever. The displacement of the cantilever is traced using a laser beam source. Using this detection
method, the surface topography of a sample can be imaged by scanning the surface region of interest
using the feedback loop method to accurately define surface features. In this study, a contact probe
mode was to gain topological information of both DLC coated and uncoated 3D printed polymer
surfaces.
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Figure 3-12- (a) Schematic representation of a typical AFM scanner probing a macroscopically
flat surface by a sharp contact probe. (b) at very small separation distance, the atomic structure
of both surfaces become very important defined by the separation distance (Z). (c) Varying atomic
force interactions are determined from different heights in the Z direction [211].

3.4.2 Chemical composition and bonding characterization

3.4.2.1 Raman spectroscopy

Raman spectroscopy is a light scattering technique where an incident light from a high-powered laser
source is emitted to provide detailed information about chemical structure, phase and polymorphy,
molecular interaction and crystallinity of samples. When light is exposed to a surface in a Raman scan,
the majority of the scattered light reflected off the surface is unchanged and has the same wavelength
as the incident light and does not provide any useful information about the surface being probed, this
scatter is termed ‘Rayleigh scatter’. However, a minute fraction of the light, typically 1 part in
10million, loses or gain energy in the process and is dissipated in varying wavelengths which are used
in the analyte chemical structure capture, this is termed Raman scatter. Where energy is dissipated in
the process, the Raman scatter is designated as ‘Stoke’; whereas anti-Stoke occurs where energy is

gained in the process. The spectrum peak distribution of a typical Stoke Raman scattered light features
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the intensity and wavelength position of each corresponding molecular vibration peak including
individual bonds such as C-C, C=C, N-O etc. A shift in the molecular polarizability is essential during
the molecular vibration for a Raman effect to be realised.

To examine the chemical bonding state of the MW-PECVD DLC films, Raman spectra were acquired
from 1000 cm™ to 1800 cm™! Raman shift and fitted by two Gaussian peaks. The coated samples were
exposed to a 488 nm laser mounted in a Renishaw InVia Raman microscope. To avoid sample damage,
analysis using a fixed maximum laser power output of 0.1mW was used throughout the analysis with a

10 sec exposure time over 5 exposures.

3.4.2.2 FTIR surface analysis

To ascertain the chemical structure and surface characteristics such as chemical activity, adhesion,
wetness etc. of the surface number atomic layer of the solid-state material. A molecular Infrared
spectroscopy technique using Fourier transform infrared spectroscopy (FTIR) was employed to study
and analyse the sample surface molecular chemistry. FTIR is a very good example of infra-red (IR)
spectroscopy technique but with an added transform function based on Fourier mathematical series for
data analysis. This technique as identified by most researchers is particularly useful in identifying
polymeric materials and organic compound composites based on their chemical functionality. However,
unlike other IR spectroscopy applications, for example, ultraviolet (UV) spectrometry which does have
very few distinct peaks in most data peak representations, FTIR has an added advantage of providing a
much larger absorption spectrum band to define the chemical structure of a particular molecule under
study [212]. In this work, all measurements were taken using the attenuated total reflectance (ATR)
accessory coupled to a Perkin Elmer Spectrum 100 FTIR Spectrometer. The spectral data ranged from

600 to 4000 cm™?, with a spectral resolution of 4 cm™.

3.4.3 Mechanical Properties

3.4.3.1 Nano Indentation Hardness

Nanoindentation has provided a useful tool in characterising the mechanical properties of materials at
small scales. The most common is the measurement of hardness and elastic modulus of both coated and
uncoated samples. Conventionally, this measurement is achieved based on methods proposed by Oliver

and Pharr [213] using the classical definition for determining the reduced modulus (E,.) of a material.

1_ Qv a-v)
P et (3.6)
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Where E,. is the reduced modulus, v and E are the Poisson’s ratio and modulus of the test sample, v;

and E; are the Poisson’s ratio and modulus of the indenter tip.

The hardness (H) was calculated using the well-known Meyer hardness relationship which corresponds

to the mean contact pressure at full load [214].

Where P and A is the load and projected area of the contact given by the indenter tip.

For this test, a Micromaterial NanoTest platform equipped with a Berkovich indenter tip was used to
probe the test substrate to ascertain their mechanical properties for both coated and uncoated DLC
coated samples. A depth control experiment was performed for the uncoated samples at a maximum
depth of 200nm to determine how the mechanical properties vary with depth. In other to analyse the
properties of the coated samples, it is recommended that the tip of the indenter goes no further than 10%
of the total coating thickness [214]. For this experiment, a diamond Berkovich indenter tip with modulus
(E;) of 1141GPa and Poisson’s ratio (v;) of 0.07 was assumed [214]. Similarly, the v for both 3D
printed ABS and Verogray were assumed to be 0.36 and 0.4. With an initial applied load of 0.05mN,
a loading and unloading rate of 0.1mN/min and 0.01mN/min were respectively chosen to mitigate any
viscoelastic effect rising from the polymer substrate material. A 20s dwell time was chosen to provide
enough time for elastic recovery before unloading commences. Single indents were used for measuring
material hardness for all uncoated substrates. For all coated substrates, partial load-unloading were used

to measure film properties. A total of 10 indentations were made per coated sample.

3.4.3.2 Coating adhesion

The steady progression in the use of nanoindentation test to accurately define material properties such
as coating strength and elasticity constant at the nanoscale has necessitated similarly, the idea of scratch
resistance to deformation at the contact surface. In using the scratch test technique to access coating
adhesion, a load is steadily applied to a coated substrate until the film is debonded from the substrate
[257]. Benjamin and Weaver [215] studied the test comprehensively in 1960 and were able to establish
a direct linkage between the interfacial shear strength and the critical value at which deformation occur
between the film and substrate. They further noted that this plastic formation induces s shearing force
equal to the interfacial shear strength, which further causes complete coating removal. Nevertheless,
Butler et al. [216] noted that the process of scratch formation was very complex and that no absolute
value could be deduced from a single scratch test. Following from the dynamic model approach

proposed by Benjamin and Weaver [215] in quantifying the critical load of a coated surface, several
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attempts have been made to correctly assign the different critical load points on a scratched surface,
such as using lower and upper critical loads. In this study, the macro-scratch test was performed to
determine the points of critical coating failure which is defined by the appearance of cracks or visible
deformation in the contact area. Two separate test parameters were performed to assess the individual
coating design failure points defined by their critical load (L) of failure. L¢ is mostly defined as the
critical failure load at which the first plastic deformation of the coating is observed [217]. L. is the
second observed failure point where coating deformation is continuous but not fully debonded from the
underlying substrate [217]. L further defines the critical load at which the onset of coating detachment
occurs [217]. To assess this, a progressive linear load of 0-5N from a Tribotechnic macro scratch Tester
(Millennium 200) together with a Rockwell C diamond tip with a 200um tip radius was used. The
scratch length and speed were 10mm and 10mm/min respectively. The second coating design involving
DLC/1-5 was similarly tested using the same test parameters. However, a progressive linear load of 0-

20N was used. Further results and analysis are detailed in Chapter 5 of this thesis.

3.4.4 Contact angle measurement

Contact angle measurements were performed using the contact angle goniometer to quantify the surface
energy of the treated polymer surface bombarded with energetic Ar* species during plasma surface
etching (PSE) and coating nucleation process using water. For any gas composition used for surface
treatment of polymers, there are primarily three surface processes instantaneously transformed
depending on the extent of exposure time, process condition and chemistry of the exposed polymer.
The transformation results in the ablation, activation and crosslinking of the surface chemistry yielding
potential reactive sites from which the so-called “dangling bonds™ are created. Upon exposure of the
surface to air, the formation of hydrophilic groups typically O-H and CO-OH and other polar groups
promote the polarization of the surface. This increase in the surface energy as a result of the polarization
would be detected by a contact angle goniometer as a reduction in the surface contact angle
measurement due to the hydrophilicity of the surface. In this work, a contact angle goniometry
measurement was made to quantify the surface wettability of the plasma-treated polymer surface as a
substitution for determining the availability of dangling bonds available to promote strong chemical

bonding between the functionalized polymer surface and radicals incident on the polymer surface.

3.4.5 X-ray photoelectron spectroscopy (XPS)

The quantitative determination of surface elemental composition, empirical formula, chemical and
electron state existing within a material is crucial in understanding material and coating properties and
performance such as hardness, corrosion and friction performance. XPS or electron spectroscopy for

chemical analysis (ESCA) is the most commonly utilized surface analysis tool for evaluating surface
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chemistry at the nanoscale. It works principally on the photoelectric effect to which soft X-rays (Mg
and Al Ko x-ray) are used as the exciting photon [215] to cause excitation and emittance of
photoelectrons from the sample surface. When emitted onto a surface, an X-ray photon interacts with
the core level electron shell of the sample and transfers its photon energy as a result, thus causing a
cascading photoelectron emission from the sample (Figure 3-13).

Ejected K Electron
(1s Electron)
®

Vacuum

Fermi
Valence Band // /A///////

L. Incident

i X-ray
(hv)

Figure 3-13- Schematic representation of the X-ray photoemission process [215].

The emitted electron has kinetic energy (K.E) given as;

Where hv is the energy of the photon given by Plank’s constant (k) and the frequency of the X-ray (v).
BE is the binding energy of the core-level electron with ¢ being the spectrometer work function. Since
the K.E of the photoelectron can be obtained experimentally and that of the X-ray energy is always
known, the binding energy of the emitted electron(s) can be easily determined using equation 3.18.
With each element possessing a characteristic photoelectron signature emission to X-ray photo impact,

specific elemental composition and atoms could be identified as a result.

XPS analysis of the 5 individual coatings was performed using a Thermo NEXSA XPS fitted with a
monochromated Al ka X-ray source (1486.7 eV), a spherical sector analyser and 3 multichannel
resistive plates, 128 channel delay line detectors. All data were recorded at 19.2W and an X-ray beam
size of 200 x 100 um. Survey steps spot sizes were recorded at pass energy of 160 eV, and high-
resolution scans were recorded at pass energy of 20 eV. Electronic charge neutralization was achieved
using a Dual-beam low-energy electron/ion source (Thermo Scientific FG-03). lon gun current = 150
HA. lon gun voltage = 45 V. All sample data was recorded at a pressure below 10 Torr and a room
temperature of 294 K. Sample etching was performed using a MAGCIS source operating at 4 kV with

monotomic Ar*ions and rastered over an area of ca 1 x 1 mm. Analysis of the raw spectra began with
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the removal of the ubiquitous background present in the core spectra using CasaXPS software. Spectra

deconvolution to determine the atomic concentration for C1s and N1s of the individual films were made.

3.4.6 Water sorption

3.4.6.1 Dynamic vapour sorption (DVS)

Dynamic vapour sorption or DVS is a gravimetric technique aimed at providing a quantitative measure
of how much water is kept in a material as a function of the outside relative humidity. In this technique
the mass change as a function of humidity provides useful information about the material under study
and provide additional information about the equilibrium moisture content within the material at a set
humidity value i.e. the percentage mass change due to moisture absorption or adsorption, material
kinetics (how fast moisture permeates into and out of materials), material stability, hydration, diffusion,

etc. in defining material stability in their a solid-state form.

For this experiment, DVS Resolution equipment with a dual vapour analyser with key combined ability
to measure precisely and control both temperature and relative humidity (RH) whilst recording the
highest mass change resolution is used. To generate and maintain the required RH value within the
chamber, a nitrogen dry gas stream is bubbled through water at the desired flow rate to produce the
expected RH. Two separate tests were performed under different test conditions to determine the effect
of varying the control variables such as temperature, time and RH on the water absorption properties of
both coated and uncoated samples.

In the first experiment, a time-dependent analysis at constant temperature and RH of 25 °C and 80 %
respectively were studied for 72hrs. In the second test, the relationship between varying RH and

temperature at 25 and 40 °C were both determined.

3.4.7 Barrier properties

One of the huge demands placed on most polymer materials is their ability to provide barrier functions
against gases and water vapour. However, these properties when compared with other engineering
materials such as glass, metals and ceramics are less to be desired in terms of their barrier functionality.
In this experiment, the WVTR function of DLC coated and uncoated 3D polymers are assessed using
the MOCON PERMATRAN-W model 3/33 equipment according to ASTM F1249 standards. The test
samples were first masked using a 100mm diameter Aluminium (Al) foil mask to reduce the size of the
test area. In this experiment, the 1cm? Al foil mask was used. The purpose of foil masking is to reduce

the area, hence reducing the total amount of gas (water vapour) passing through the sample. This way
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we prevent the saturation of the highly sensitive sensors present in this equipment. The fabrication
procedure for preparing the samples for testing are explained below.

3.4.7.1 Aluminium foil masking procedure

Before testing the samples, masking of the individual samples were performed to reduce the size of the
area exposed to testing due to equipment size restriction. An Al foil mask with a 1cm?exposed test part
area was used. For each sample, two adhesive Al masks are used, with the first mask placed firmly on
the working bench with the adhesive side facing upward. The sample is now placed 50cm? within the
test area. Similarly, the second masking foil is lowered onto the exposed polymer surface to make
contact and pressed firmly to create an impervious sandwich layer preventing the escape of water vapour
and gases from the sides of the test sample. A schematic representation of the masking process is shown
below in Figure 3-14 and Figure 3-15.

()

(@)

Al disk

Al disk

Figure 3-14- Shows the three-stage fabrication procedure for masking the individual test
samples for WVTR testing with (a) lapping of the individual test samples using Aluminium
mask (b) complete masking procedure (c) test sample showing exposed test area of 1cm?,

i 100mm

Figure 3-15- Schematic representation showing (a) dimensions of the masked additively
manufactured samples (b) cross-sectional view with the corresponding dimension.
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3.4.7.2 WVTR testing

The operation of the MOCON PERMATRAN-W 3/33 system used for testing the WVTR properties of
the additively manufactured polymers is based on a modulated infrared sensing device to detect water
vapour transmissivity through the sample (Figure 3-16). Both textured coated and uncoated samples, as
well as untextured coated and uncoated polymer samples with a defined thickness of 0.28mm, were
tested in this experiment. The masked samples were clamped into the diffusion cell of the test kit
followed by a nitrogen gas purge to rid the chamber of any residual moisture before the start of the test.
RH was generated by the “two pressure method” and introduced into the outside of the test chamber
with the help of a saturated absorbent material capable of providing a 100 % RH at a set temperature of
38 °C. Water molecules diffusing through the film into the main chamber are detected by the modulated

infrared sensor.

WVTR measurement

@)

Fabrication of WVTR

Al disk

l Lapping
Detector
(%<2 3D.polymer.
Rl (b)

x . ‘® e- ® o
Al disk \ % T : .

Water vapor 2 Al disk

Detector

Figure 3-16- Schematic representation of the WVTR test showing both (a) Untextured (b)
textured surfaces.

3.4.8 Tribology

Friction and wear loss are important ingredients in material characterisation for the durability of
engineered parts using Polyjet technique. However, little work has been accomplished in the
characterisation of such 3D printed parts. By investigating the friction and wear response under varying
loads, the true sense of their tribological properties could be well understood. To fill this knowledge
gap, acomprehensive study of the frictional and wear behaviour of photocurable Polyjet modelled parts
namely ABS-digital (3D ABS) and Verogray are investigated. The effect of surface finished defining
on both material surface roughness and print orientation on the wear and frictional behaviour of both
coated and uncoated polymers are studied. The plane of orientation investigated was the flat (XY plane)

represented by the raster orientation of [0/90] which is simplified in Figure 3-17. (The printed raster
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direction is the sequential path taken by the printer nozzle or head to the X-axis of the print bed

orientation).

3.4.8.1 Determination of friction

The frictional performance of 3D ABS and Verogray were carried out using a linear reciprocating
universal material test (Bruker UMT) tribo lab equipment. Figure 3-18 shows the contact schematic
representation of the frictional couple. At room temperature (23 + 2 °C), both the friction and wear test
was performed under dry reciprocating sliding conditions. The static body (Counter-body) was an AlSI
52100 Chrome Steel bearing with 6.5 mm in diameter. Before the tribological test, all samples (3D
ABS, Verogray and Steel ball bearings) were thoroughly cleaned with ethanol to rid the surfaces of all

impurities.

Applied Load
Perpendicular (Y;-Y2)

Top view

Applied Load ¥
Parallel (X;-X3)

Side view

4 v
7
z: //y
7/
RS s /
X 20 mm B
Printer raster direction [ — A

Figure 3-17- Graphic representation of the Polyjet printer bed orientations (flat) and raster angle
[0/90] investigated in this experiment.
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Figure 3-18- Contact schematics used for the friction test.
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The friction test was investigated (Figure 3-17) using a Bruker UMT tribo Lab equipped with a linear
reciprocating module in a ball-on-plate configuration under dry reciprocating conditions. The test rig
consists of an upper assembly unit which comprises a ball sample holder rigidly attached to a pivoted
loading cell and a lower reciprocating linear drive which houses the sample holder assembly, a variable
speed motor with a maximum speed of 10 mm/s. The upper specimen (ball) was made of 52100
hardened steel with a measured surface roughness (Ra) of 0.07 um (using a 2D Talysurf equipment as
described in Chapter 4.5), a hardness of 65 HRC [216] and a diameter of 6.5 mm. During testing, the
room temperature was maintained at 23 + 2 °C. The maximum sliding speed and distance was 8 mm/s
and 2mm respectively. An applied load of 1, 5 and 10N were used throughout the test. For data
acquisition, the real-time tangential force, friction coefficient and linear velocity were all recorded in
real-time as the test proceeded. In all tests, 36,000 linear oscillation cycles were performed at a
frequency of 10Hz for 60 min. For each cycle (10Hz), an average of the recorded friction coefficient
values is computed. 10 data points for Both friction and sliding wear data reported in this study are an
average of three repetition runs. The maximum Hertzian contact pressures (Pmax) (equation 3.9) are
calculated using the expression given in Equations 3.8 for the contact between a rigid sphere and a flat
surface [217].

Where W is the applied normal load, a is the contact radius given by the expression:

1
WR]3

=3
¢ [8E*

Where R is the ball radius and E* is the equivalent Young’s modulus at the contact given by:

1_1—v12+1—v22 311
= E T (3.11)

Where v; and v, are the Poisson’s ratio of the 52100-steel ball (0.29) and 3D printed specimen
respectively. For the 3D ABS and Verogray, Poisson’s ratios of 0.36 and 0.4 were used respectively.
E; and E, are Young’s moduli for both 52100 steel ball and 3D printed specimen (Table 4-4). A
Young’s modulus of 205 GPa was used for the 52100 steel. All data regarding the mechanical properties

of the 52100-steel ball was provided by the supplier.
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Table 3-8- Calculated maximum contact pressure at each applied load tested.

Applied Load (N) Sample Pmax (MPa)
1 3D ABS 33
Verogray 36
5 3D ABS 57
Verogray 62
10 3D ABS 71
Verogray 78

3.4.8.1 Wear test

Wear measurements were quantified by dried polymer mass loss [218], where the mass loss due to wear

(AM) is given by equation 3.12.
AM = (M; — M,) ....... (3.12)

Where AM is the difference between the final mass M, and initial mass M, [219, 220]. Materials that
exhibit higher resistance to wear will have lower volume and mass loss [220]. All test specimens were
weighed before and after the experiment using a single pan Mettler Toledo XPR205 analytical balance
with a 0.01mg readability. To accurately compute AM, each measurement was taken as the mean of

three repeats.

The specific wear rate Sy, of the test specimen is given as:

Where Fy is the normal applied load (N), S, is the total sliding distance (m) and (V},) is the volume loss
(m?3). After completing the tribological test, the crossectional geometry of the individual wear scars was
measured using the step scan feature of the Talysurf PG1800 profilometry scanner. The wear volume

(V) was computed using the geometric profile defined in equation 3.14.

_andxr

2 2
V= (3d? + 4b7) ... (3.14)

Where d is the wear scare depth (mm), r is the wear track radius (mm), and b is the wear scar width

(mm).
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Chapter 4

Results & Discussion: 3D Polymer characterisation

4.1 Thermal characterisation

This section focuses primarily on the thermal characterization of the 3D printed polymers produced
using both Polyjet and EnvisonTech™ methods of manufacturing as detailed in Chapter 3. The thermal
degradation behaviour as a function of temperature and the glass transition temperature of all five 3D
printed samples are described in this chapter. The discussion will be covered in two main parts: the first
relating to the TGA analysis which will focus on the thermal stability of the 3D printed samples in
nitrogen and air decomposition environments and their associated activation energies for the
degradation of the AM polymers calculated using both the Murray-White and Coats-Redfern plots. The
second, relating to the use of differential scanning calorimetry (DSC) in the determination of the
experimental T4 value of the individual polymers understudy.

4.1.1 Thermal stability of additively manufactured polymers using TGA

The effect of using both inert and non-inert gases such as nitrogen and air to study the thermal stability
behaviour and characterization of 3D printed polymers was employed as a first attempt to determine
the guantitative estimation of the onset of thermal decomposition and degradation of the additively
manufactured polymers under study and to mimic the thermal stability of the individually chosen

polymers when exposed to vacuum coating environment.

In this method, the weight loss of the sample is constantly observed as the temperature increases from
30 °C to 600 °C. When a material decomposes or degrades at higher temperatures usually above a
referenced room temperature, the mass of the material steadily decreases as it loses vital components
of the material chemistry due to the combustion process. In all cases, as illustrated in Figure 4-1, each
polymer decomposition phase is multifaceted rather than a single-phase process. The different
decomposition phases are numbered (1) to (4) and (1) to (5) for both nitrogen and air decomposition
environments respectively. Phasel is characteristic of the loss of moisture of crystallinity, volatiles,
monomers and highly volatile solvents [221]. For all 3D printed polymers studied under nitrogen purged
conditions, the onset temperature at which phasel commences is seen as a function of the polymer

chemistry. It was observed that for all cases except for LS600, the onset of decomposition relating to
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mass loss is delayed when nitrogen is used as the purged gas instead of air. For example, Figure 4-1
shows that, by switching the controlled atmosphere from nitrogen to air using 3D printed ABS, the
decomposition onset temperature is lowered from 206 °C to 128 °C. This is also the case with Verogray,
Veroblue, and RCP30. Beyler and Hirschler [222] noted that, by swapping from inert gas to air, the
level of chemical interaction between polymer samples and the air is promoted with increasing

temperature. By so doing, the onset of polymer decomposition temperature is lowered.

In addition to the formation of monomers and volatile products, Peterson et al. [223] noted the majority
of the degradation product formed during and after the onset of degradation comprises both unsaturated
and saturated compounds, mostly dimers and trimers. Staudinger and Steinhofer [224] proposes a chain
scission reaction mechanism to explain the formation of these products. Polli et al. [225] observed
similar degradation mechanisms for ABS of which they also observed radical end-chain and random
scission leading to one or multiple phase decomposition stages with multiple kinetic parameters.

The continuous weight loss curve for all the additively manufactured polymers further revealed multiple
degradation steps under both nitrogen and air condition. In the presence of nitrogen, all polymers
degraded in a 4 stage multiple-step as shown in Figure 4-1. In air, however, there was an additional
stage linked to the combustion of carbon due to the presence of oxygen within the air mix fraction.
These characteristic step changes as identified in the thermogram plot and the extent to which

decomposition or degradation occurs may vary depending on the type of sample been analysed [221].

The total percentage mass loss and their corresponding inert residue after decomposition are shown in
Table 4-1. Under nitrogen purge conditions, the Verogray sample showed the highest decomposition
percentage of -83.42 % of the initial mass (5.1 mg ) with a 17.53 % inert residue left. RCP30, on the
other hand, showed the lowest decomposition percentage of -62.62 %.

The combined TGA thermal plot showing the varying percentage mass change as a function of
temperature in both nitrogen and air gives a strong indication of the degradation and decomposition
tolerance level of each polymer sample when exposed to an elevated temperature above ambient in a
controlled environment. It is worth noting from Figure 4-1 that on average, 3D ABS and RCP30 samples
showed the highest degradation onset temperature in both nitrogen and air decomposition environments

followed by Veroblue, Verogray, and LS600
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Table 4-1- Initial degradation temperature, final decomposition temperature, total mass loss after
decomposition and total inert residue left after decomposition.

Initial Total
Decomposition 3D degradation Final decom. Total mass inert
condition Sample temperature temperature loss after residue
(°C) (°C) decom. left after
(%) decom.
(%)
ABS 206 £1.5 489 -82.47 £0.10 17.53
Verogray 12521 489 -83.42 + 0.30 16.58
N2 Veroblue 99+20 489 -80.30 £ 0.25 19.70
LS600 82+25 489 -79.74 £ 0.28 20.26
RCP30 140+ 2.8 489 -62.62 + 0.25 37.38
ABS 128 £5.1 600 -85.1 £1.10 14.90
Verogray 102 £3.0 600 -84.9 + 0.87 15.10
Air Veroblue 96 £4.0 600 -85.15 £ 0.82 14.85
LS600 84+48 600 -85.8 + 0.60 14.20
RCP30 120+ 2.6 600 -68.38 + 0.33 31.62

e decomp. = decomposition

4.1.2 Activation energies and degradation of additively manufactured polymers

The minimum required energy to initiate atomic or molecular transformation within the polymer
structure as defined by the activation energy of the system through the TGA thermal plot were
determined using the Murray-White plot [225, 226]. By plotting In [In (1-C)]- 2InT against T x 10
(K1) a linear correlation is obtained using the Murray-White plot; where C is the conversion and T is
the temperature (K). Figure 4-2 shows the Arrhenius plot for the degradation of all additively
manufactured polymers studied in the TGA test. The activation energies calculated based on the

Murray-White plot for the individual 3D polymers are presented in Table 4-2.
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Figure 4-2- Arrhenius plot of degradation for additively manufactured (a) 3D ABS (b)
Verogray (c) Veroblue (d) LS600 (e) RCP30 using Murray and White methods.

Table 4-2- Activation energy for the degradation of 3D polymer material.

3D Sample

ABS
Verogray
Veroblue

LS600
RCP30

Activation energy
E. (KJ/mol)

Murray-White Method

Air
15.28 +0.50
15.33+0.87
15.28 + 0.80
15.98 + 0.60
15.30 + 0.57

N2
12.42 + 0.08
14.72 £ 0.02
14.72 £ 0.02
16.04 £ 0.07
14.43 + 0.01

From Table 4-2, it was observed that the activation energies for each of the 3D printed polymers varied

depending on the degradation environment of exposure. Amongst all the samples studied, LS600

showed the highest activation energies in both air and nitrogen. 3D ABS and Veroblue showed similar

activation energies in air, however, in nitrogen, there is a clear distinction between both polymers in

terms of their activation energy requirement and thermal threshold. Hence, it could be concluded that

LS600 show superior thermally stability in both air and N, degradation environments in comparison
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with the rest of the 3D printed samples studied. 3D ABS showed the lowest thermal stability as defined
by the activation energy value of 15.28 and 12.42 kJ/mol in both air and nitrogen degradation
environments respectively. Charles and Ramkumaar [226] both observed similar low activation
energies for ABS when compared with polyethylene terephthalate. In PBM’s such as ABS and low-
density polyethene, definite aspects of their microstructure facilitate degradation, most especially in a
thermal oxidation degradation process [227]. Tiganis and Burn [228], noted that tertiary replacement of
specific carbon atoms within the microstructure of ABS in an oxidation environment promotes
hydrogen abstraction by oxygen, thus making it more thermodynamically favoured in the process. With
thermal energy acting as a catalyst to accelerate degradation, the activation energy is reduced especially

in a thermo-oxidation environment.

To establish a statistical significance of these data from both tests, results were analysed using a t-test
wherein the test statistics are based on a t-distribution. This test offers true test statistics since it's not
sensitive to outliers in data. The collected data was analysed using a pair test. The null hypothesis tested
was that the use of air or nitrogen does not affect the activation energy of the individual polymers, while
the alternate hypothesis was that the activation energy of the individual polymers is affected by either
air or nitrogen-containing environment. A p-value of 0.05 corresponding to a confidence interval of
95% was used. From the t-test analysis, a p-value of 0.17 was obtained (Table 4-3). The results support

the alternate hypothesis.

Table 4-3- Results of statistical analysis

Concentration Test t-value p-value Statistical
significance?
Low Paired t-test 1.67 0.17 Yes

4.1.3 Glass transition analysis using DSC

The DSC technique is a quantitative analysis tool that allows the T, and Ty, of a particular sample to be

measured. For this test, the additively manufactured polymer samples were analyzed for their glass
transition temperature at a heating rate of 10 °C/min in a Q20 DSC equipment. A summary of the DSC

data for all 3D samples analysed is shown in Figure 4-3. From the experimental T, values, it was shown
that RCP30 has the least low limit T, value of 45 °C amongst all the 3D printed samples with 3D ABS

having the highest transition at 56 °C.
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Figure 4-3- DSC plot showing both experimental and literature glass transition temperature
for all additively manufactured samples using DSC Q20.

On the same plot, a comparison between the experimental values and literature [69] are made. From the
plot, a few variations were observed between the experimental and literature values. For example, the
calculated percentage error for Verogray and 3D ABS samples was ~18 % and ~13 % respectively.
During the photoinitiation and subsequent polymerization of the activated monomer resin, material
properties such as morphology, density etc., may have been affected, thus one would expect some
variations in material properties during testing. That being said, the true essence of obtaining the
individual T, values were to provide an accurate prediction of the thermal transition temperature limit
to which samples could be exposed within a vacuum deposition chamber without affecting the

chemistry and mechanical properties of the substrate in question.

4.2 Mechanical testing

To provide a better understanding of the mechanical and behavioural characteristics of the test samples
under tension, material properties such as Young’s modulus, E, yield strength, ultimate strength, strain
at failure and the strain energy density were all calculated. For easy of clarification, a representation
plot showing each of the calculated variables is shown in Figure 4-4.
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Figure 4-4- Schematic plot showing the relevant tensile stress-strain properties calculated in
this study.

The Young’s modulus as shown in Figure 4-4 was calculated based on the linear stress-strain
relationship curve. Several authors [229, 230, 231, 232] have focused immensely on the mechanical
characterization of the additively manufactured parts using varying techniques including fused
deposition modelling (FDM) [229], Polyjet [233] and selective laser sintering [230]. They have all
shown that the mechanical properties exhibited by 3D printed parts are a function of their printing
parameters [234]. Amongst these are the raster direction, layer thickness, gap length, build orientation,
printer type, etc [234]. In this experiment, two different techniques (Polyjet and SLA) producing
uniquely different additive manufactured materials are mechanically studied. A summary table

comprising all calculated properties for the tested samples are shown in Table 4-4.

From the stress-strain plot shown in Figure 4-5, it was observed that the stress distribution becomes
relatively homogenous and independent of the strain increase with time until an inflexion point,
commonly known as knee-point is attained [235]. For the 3D ABS, the end of the inflexion point is
achieved at 0.5% of strain. Similarly, Verogray (V.G), Veroblue (V.B), LS600, and RCP30 show a
1.35, 1.7, 1.8 and 1.8 % strain respectively. Fitoussi et al. [235] noted similar strain behaviour when
analysing the effect of high strain-rate tensile behaviour of polymer matrix, which they attributed to the
Visco—damage behaviour characterizing the deformation regime. Swallowe [236] observed similar
stress-strain behaviour in fully amorphous polymers such as PMMA and polymer composites and
concluded that generally, the level of polymer crystallinity surges as a result of strain-induced
crystallization leading to strain hardening during polymer tensile deformation as polymer chain

structure assumes a more symmetrical close packing.
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Table 4-4- Mechanical properties of additively manufactured materials.

Process Material Modulus Tensile Elongationto  Strain energy
(GPa) strength at failure(%o) density(MJ/m3)
yield (MPa)
3D system/ ABS 1.23 + 6E-02 53 + 1E-04 7.6 3.4
Polyjet
3D system/  Verogray  1.35+4E-02 45 + 4E-03 8.2 2.2
Polyjet
3D system/  Veroblue  1.35+4E-02 36 + 4E-03 11.39 25
Polyjet
3D system/ LS600 0.87 £ 5E-03 26 + 5E-04 13.6 2.6
SLA
3D system/ RCP30 0.54 + 6E-03 22 + 1E-3 13.7 1.97
SLA

Further review of the tensile test results from Table 4-4 and Figure 4-5 revealed that 3D ABS had the
highest tensile strength at yield with a modulus of 1.23 GPa. However, at failure, 3D ABS showed the
least percentage strain value of 7.6 % as compared to all the additively manufactured tests samples
analysed. This serves to indicates that, 3D ABS is by far the strongest material in terms of mechanical
performance compared to the other materials tested with RCP30 being the weakest. However, since the
modulus of a material is directly related to its stiffness, Verogray (V.G) and blue with similar modulus
was adjudge the stiffest amongst all the samples tested. This is exemplified in Figure 4-5 where the
multiple failure points are exhibited by Verogray in comparison with the other additively manufactured
polymers tested. The strain energy density which is given by the area under the curve (A.U.C) for the
stress-strain plot is summarized in Table 4-4. The results go further to confirm the total stored energy
function per unit volume samples and provide a better estimation of the material toughness. It is shown
that ABS has the highest strain energy density of 3.3MJ/m3 with the least being RCP30 with a value of
1.97MJ/m3.
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Figure 4-5- Plot showing the stress-strain properties of all 3D printed polymers (ABS, Verogray,
Veroblue, LS600 and RCP30) using an INSTRON close-loop axial loading system.
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Figure 4-6- A photograph of the gage section of all tested 3D printed polymers showing the
common failure modes.

Based on the results obtained, it was shown that RCP30 polymer exhibited the highest flexibility in
comparison with the rest of the polymers tested. In most examples of stress-strain curve plots, there is
always a clear distinction between the linear elastic region and the transition into plasticity [234, 235].
However, in some cases, materials may not always show these distinctive regions under tensile load as
can be seen in the stress-strain curve for RCP30 and LS600. This, however, makes it very difficult to
estimate the modulus of elasticity of such materials. Further analysis of the stress-strain curve for
RCP30 shows an observable transition from an elastic to a plastic regime where a small increase in
stress results in a huge strain increase until complete failure occurs. At this point, as we increase the

strength by strain hardening, we lose material ductility

This phenomenon, known as strain hardening, could also be seen in LS600. Nonetheless, the stress-
strain relation for 3D ABS, Verogray, and Veroblue shown in the same plot indicates an extended
elastic region where the relationship is almost linear until the proportional limit is reached. 3D ABS
and Verogray showed very small plastic deformation region before breaking, thus making it very brittle
as already stated. In all cases, none of the polymers showed necking as observed for most thermoplastic
materials processed by extrusion or injection moulding [237].

Additionally, the fractured surfaces of the tensile specimen were assessed for their deformation patterns
as shown in Figure 4-6. LS600 and RCP30 all exhibited similar fracture patterns at the point of fracture
where each of the samples appears to fracture cleanly and perpendicular to the loading direction. The
printed polymers produced using the Polyjet technique in the case of ABS, Verogray, and Veroblue
showed irregular and jagged deformation patterns as a result of their brittleness nature when compared
with both LS600 and RCP30 materials (Figure 4-6).
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4.3 ASTM D570 water absorption test

An understanding of the water absorption performance of all test samples was key in determining the
most suitable polymer type to be targeted for selection and coating. In this experiment, a water
absorption test was performed following the recommendations set out in ASTM D570. It was noted that
the percentage of water absorbed at room temperature varied significantly between the individual
samples, with 3D ABS recording the highest percentage of water absorbed. RCP30, on the other hand,
was the most hydrophobic amongst the five individual samples. The following hydrophobicity ranking
for each of the polymers at 25 °C is presented as follows; RCP30(0.33%)> LS600(0.63%)> V.B
(1.16%)> V.G(2.15%)> 3D ABS(2.86%). Ayrilmis et al. [238] in a study looking at the effect of
printing layer thickness on water absorption properties of 3D printed wood/PLA composite material
noted the influence surface chemistry and mechanical properties play in the water absorption process
and reported varying water absorption rates of between 0.19 % to 0.72 % for the print layer thickness
of 0.05 mm to 0.3 mm. They further confirmed that not only does layer thickness play an important role
in the absorption phenomenon but also the presence of surface free hydroxyl bonds makes polar
covalent bonding with hydrogen ions from water more easily. Carlos [239] reported a 1.13 % moisture
absorption for 3D ABS printed using FDM technique and attributed this increase to the non-uniformity

of the polymer layer orientation structure during both the printing and curing surface.

A comparison with similar research conducted by Stratasys [69] shows the percentage of water
absorption could vary from 1.1-1.5 % and 1.5-2.2 % for Verogray and Veroblue polymers respectively.
However, due to the proprietary nature of these polymers, detailed material properties are sometimes
withheld by the manufactures and are not made public. As a consequence, only V.G and V.B samples

could be compared.
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Figure 4-7- ASTMD570 water absorption plot showing the percentage of water absorbed after
24hrs of testing for the individual 3D printed polymers.
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4.4 Surface chemistry analysis

FTIR spectroscopy has been fully exploited for the identification and characterization of the basic
chemical structural units presented in all the additively manufactured polymers under study. The
comprehensive vibration band assigned to each of the polymers is presented for the selected infrared
(IR) peak for easy confirmation of their molecular structure [240]. The characteristic large singlet —OH
absorption peak which occurs at wavenumbers between 3550-3200 cm™ [241] is seen in all polymers
with a much stronger peak % transmittance observed with the VVerogray sample. The yield of this large
singlet —OH absorption peak could be attributed to the surface interaction with moisture in the air as the
sample is exposed to the atmosphere. Except for the IR peak intensity variations observed for the -OH
band, similar vibrations patterns were observed from wavenumbers 3000-500 cm™ for all samples
studied. Amongst the major peaks observed were the sp3-CH stretching observed between 3000-2800
cm™ wavenumbers which are characteristic of aliphatic compounds [242]. As seen from Figure 4-8,
the principal transmission signal observed between 2000-1500 cm™? is due to C=0 and C=C stretching,
with C=C occurring around 1650 cm™ due to its weak absorption properties [241]. Table 4-5 shows the
vibrational frequency of all the fundamental bands along with their corresponding intensities for all 3D
polymers. It was observed that except for the spectra vibration bands at 1156 cm™ for LS600 and

RCP30, similar vibration wavelengths were observed for all five 3D polymers studied.

—— 3D ABS—— verogray— Veroblue
—— LS600 RCP 30

c-C

Intensity (a.u)

0-H 1

v A
Sp3-CH c=0 c=Cc CH,
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4000 3500 3000 2500 2000 1500 1000
Wave Number (cm™)

Figure 4-8- FTIR spectra showing the transmittance(%o) for the individual 3D polymers studied.
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Table 4-5- FTIR plot summary showing the corresponding individual wave numbers and
functional groups present in each of the 3D samples analysed.

3D Samples Wavenumber  Functional Vibration mode
(cm™) group
3D ABS,Verogray,Veroblue 3700-3000 O-H Symmetric
LS600 and RCP30 stretching
3D ABS,Verogray,Veroblue 2919 CH; Asymmetric
LS600 and RCP30 stretching
3D ABS,Verogray,Veroblue 2860 CH: Symmetric
LS600 and RCP30 stretching
3D ABS,Verogray,Veroblue 1721 C=0 Stretching
LS600 and RCP30
3D ABS,Verogray,Veroblue 1635 c=C Stretching
LS600 and RCP30
LS600 and RCP30 1603 C-C Ring stretching
3D ABS,Verogray,Veroblue 1454 CH> Scissoring
LS600 and RCP30
3D ABS,Verogray,Veroblue 1352 CH; Wagging
LS600
3D ABS,Verogray,Veroblue 1261 CCH Asymmetric
LS600 and RCP30 bending
Symmetric
LS600 and RCP30 1156 CCH bending/CH>
twisting
3D ABS,Verogray,Veroblue 1097 -C-H- -CH bending
LS600 and RCP30 vibrations of fatty
acid

4.5 Roughness measurement

The two proposed 3D printing techniques ( Polyjet and SLA) are used in this work for the evaluation

of the surface roughness Ra parameters. Figure 4-9 shows a talysurf example scan of the measured

surface profile of each of the substrates post-cleaning.
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Figure 4-9- Surface roughness profile of 3D printed substrates.

An average plot of the individual surface roughness (R,) is also presented in Figure 4-10. For each of
the two methods presented and their impact on surface roughness, it was shown that the average
roughness of the substrates is highly dependent on the printing technique used. For the Polyjet
technology, the average surface roughness value ranged from 1.35 £ 0.28 to 1.55 + 0.21um. The SLA
technique showed values between 0.23 + 0.12 to 0.49 + 0.13 um. Vidakis et al. [243] explained that 3D
printing quality is affected by factors such as layer thickness, part orientation, deposition mechanism
and finish methodology. Considering that Polyjet materials are built layer by layer, Chryssolouris et al.
[244] noted that in Polyjet printing, a typical classic staircase error is created when the layer shape does
not align perfectly with the printing orientation. Vidakis et al. [243] measured an average Ra of 2.77
pm for his study of Polyjet printed substrates. Even though different authors have measured variable

Ra values for SLA printed parts [243, 245], this work showed lower Ra values for SLA printed parts
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compared with Polyjet printed parts. It was concluded that for both techniques, a lower R, value is

highly achievable with the SLA technique as the classic staircase effect is minimised in this case.
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Figure 4-10- Average surface roughness of all printed substrates

4.6 Pore size distribution

Mercury Intrusion capillary pressure (MICP) measurement was employed as a first attempt to determine
and characterize pore features, particularly pore throat size distribution in both 3D printed 3D ABS and
V.G within the nano (< 1-3 nm) and microscale (up to 350 um) pore size range. For this test, only 3D
ABS and Verogray were selected due to the project specification and polymer property characterisation.

Not only is MICP very fundamental in characterizing pore size distribution with great accuracy but a
resourceful tool for revealing in great detail the physical properties of the solid material. In addition to
the pore size information provided by this method, polymer density, porosity, void volume, and material
volume data could all be obtained through the process. In a typical MICP plot showing the capillary
pressure (psi) against saturation fraction as shown in Figure 4-11 for 3D ABS and Verogray, the volume
of mercury injected into the available voids is shown to increase as pressure injected into the sample
increases regardless of the pore geometry. Figure 4-11 further reveals that the saturation of mercury
injected into pore structures is not attained until such a point that the pressure applied to the system is
sufficient enough to cause the migration of mercury into the pore network. This illustrates that
increasing the pressure allows mercury to access the majority of the voids within the polymer matrix
structure. For both 3D ABS and Verogray samples tested, this pressure corresponds to 25 psi (172.4kPa)
and 69.3psi (477.8kPa) respectively. This is followed by a steady-state increase in the pressure until a
maximum saturation point of 100% is attained for both polymer samples. Verogray showing high
capillary pressure suggests a high-pressure injection requirement to access the pores structure,
demonstrating poor connectivity or accessibility. In contrast, a significant proportion of the saturation

fraction volume (8.6x10*) of the 3D ABS pore structure was filled before exhibiting comparable
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behaviour to the VVerogray sample towards high injection pressures. The general shape of the two curves
are comparable, signifying similar pore size properties after both threshold capillary and saturation

fractions are achieved.

An investigation into the pore size distribution of both 3D ABS and Verogray as shown in Figure 4-12
reveals varying pore size radius present within the polymer matrix. For both samples, the minimum
pore radius recorded was 0.0015um but with varying pore size distribution function. For 3D ABS, the
pore size distribution function was calculated as 0.0285 whereas that of V.G was 0.0156. It was
observed that the pore size distribution for 3D ABS ranges from a minimum of 0.0015 - 3.62 pum whilst
Verogray had a maximum pore size radius of 0.93 um. For both samples, it is observed that the pore
size distribution lies between the meso (1-25 nm) and macropore (>25 nm) size characterization range.
This, however, is very much reflective of the inherent porosity for both samples as 3D ABS showed
higher porosity of 7.7% as against a 6.6% porosity value for Verogray. For LS600 and RCP30 samples,
the MICP technique was deemed unsuitable as the pore sizes were too small to be accurate measured,

hence, no measurements were taken.

100000

—gm—am
,-—‘I'.:-':.’
’-l:lfJ'f
. 10000 ;-""F _m-3D ABS
g f —m- 3D Verogray
o -
§ 1000 4 .
¢ :
S :
> 100{ =
5 .
= ]
8 i
10 ]
n
|
u
n
1 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Saturation fraction

Figure 4-11- MICP plot for both 3D ABS and Verogray showing the capillary pressure variation
against saturation fraction for mercury.
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Figure 4-12- MICP plot showing the pore size distribution function against pore size radius for
both 3D ABS and Verogray samples.
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4.7 Material selection

In summary, the physical, chemical and thermal properties of five different 3D-printed polymers have
been investigated. From the individual characterization test results obtained, the following conclusions
are drawn and summarised using a material performance ranking index proforma (Table 4-6). The
suitability for functionalization using MW-PECVD was introduced to effectively grade each 3D-
polymer sample based on their performance under each test condition. With consultation from Proctor
and Gamble as the industrial sponsor for this project, 3D ABS and Verogray samples were chosen for
enhanced functionalization using the MW-PECVD technique due to characteristic properties elucidated
in Chapter 4.

Table 4-6- Show a summarised material ranking proforma for the individual 3D-printed
materials. The numerical grading assigned to each polymer indicates the performance of each
polymer to the other. The final grading provides the overall performance of the individual
samples studied under thermal, water and tensile testing properties.

Thermal Analysis Water absorption | Tensile Testing
Tensile
Samples |Average (Tg) |DSC(Nitrogen) DSC(Air) 25°C  50°C Modulus | Stress at | Toughness | Stiffness | Final Tally
Yield
ABS |+ 5 4 5 4 5 Bl A4 =3 s M5 |23 M 36
LS600 |4 4 A 4 ! A4 s [M2 (W2 4 M2 |H 8
\VeroBlue [ 3 o 3 M 2 =3 M2 |Wrs5 23 |2 3 |4 |J 8
VeroGrey|3] 2 M 2 e 3 M2 B3 |4 a2 5 B o7
RCP30O W} 1 &$ 1 A4 45 B [ @1 W1 [JF1 [

Fair (1) ¥ Satisfactory(2) ©1,Good(3) = ,VeryGood(4) < Excellent(5)

4.8 Summary

The results presented in this chapter show the characterisation of five different AM polymers used in
this study. The thermal, mechanical, water absorption, surface chemistry and pore size structure are
discussed. The activation energy during thermal decomposition shows the degradation of the individual
polymers is highly dependent on the deposition gas environment used. It was noted further that except
for LS600 samples, the thermal decomposition onset temperature and mass loss was enhanced under

atmospheric air rather than in nitrogen. The highest experimental T, was observed for 3D ABS at 56

°C. In terms of the mechanical property performance of the individual AM polymers, 3D ABS was
adjudged the strongest amongst all the materials tested with RCP30 being the weakest at yield. Similar
modulus of 1.35 GPa for both Verogray and Veroblue were calculated and shown to be the stiffest
amongst all the five polymers studied. Water absorption measurement using ASTM D570 standard

showed increased hydrophilicity in the case of 3D ABS where the highest percentage water absorption
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of 2.86% was calculated. Further analysis using MICP showed the presence of highly dominated

mesopore size range pore structures accounting for 99.75 % of the total void fraction.
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Chapter 5

Results & Discussion: DLC film deposition and characterisation

5.1 Introduction

This chapter

experiment a

presents the DLC films deposited using the MW-PECVD technique by the design of
pproach. Results of the substrate thermal heating and temperature evolution, as well as the

characterization of the DLC films, are presented in this chapter.

5.2 Process recipe characterisation

By using a design of experiment approach, the deposition environment space definition was based on

the initially proposed design parameters needed to sustain a stable plasma body. By this, the setpoint

parameters for each of the initial DOEs was seen to deviate from the initially planned deposition

conditions. The chosen experimental parameters for a 3 leg experimental design for the proposed and

actual recipes used as the bases for the initial deposition steps are shown in Table 5-1and Table 5-2

respectively.
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Table 5-1- Proposed parameters used to deposit the initial DLC coating.

Proposed

MW Power  Working C:H2 Ar flow

DOE Leg ) Pressure flow rate
(mbar) rate (sccm)

1 2 (sccm)

1 1050 1050  0.012 722 50

2 1050 1050  0.011 610 110

3 1200 1200  0.011 250 350

Table 5-2- Actual parameters used to deposit the initial DLC coating.

Actual
DOE Leg MW Power  Working  CoHflow Ar flow
(W) Pressure rate rate
1 2  (mbar) (sccm) (sccm)
1 1027 942 0.011 568 43
2 1050 885 0.011 610 101
3 1172 1181 0.0097 250 350




During the initial test run phase, it became apparent that the proposed deposition setpoint parameters
were not achievable in their current form and all DOE runs had to be carefully tuned to match the
processes and hardware restrictions variability posed by the equipment tolerance. For example, to
maintain constant MW power as defined in each of the design deposition steps on both microwave
sources, manual adjustments are required during the deposition stages to maintain stable glow

discharge.

5.3 Substrate heating

Low-temperature plasma deposition in vacuum using MW-PECVD like any other deposition method is
subjected to the generation of heat as a result of the K.E transfer between the energetic ions, molecules
and reactive species with the substrate solid surface, as the structure and morphology of the thin film
depend strongly on the energetic flux density of the reactive species. By suitable variation of the
experimental parameters, the different contributions to substrate surface heating during deposition can
be separated and the resulting temperature build-up during deposition studied independently.

To achieve coating uniformity and consistency throughout the deposition cycle without damaging the
3D printed substrate, adequate steps were taken to ensure the coating deposition chamber was controlled
and maintained below the glass transition temperature of the most sensitive polymer been coated, i.e.
Verogrey with a Ty of 46 °C. Shimbo [246] noted that the stress build-up in epoxies and resins due to
higher temperatures exposure above the glass transition temperature is commonly negligible, however,
when cooled below the glass transition temperature, stresses begin to build up within the polymer
structure. These stresses were further noted to be linearly proportioned to the change in temperature
below the T, value. Riande et al. [247] in the quest to determine the viscous response of epoxies to
temperature change at the glass transition temperature using the time-temperature correspondence
principle, noted that the deformation due to viscous flow is generally constant at the glass transition

temperature. However, with increasing temperature above the T, value, they noted that the

unrecoverable contribution to the shear deformation (viscous deformation) was extremely high. As a
consequence, 4 different thermocouples located on both the chamber walls (2 fixed) and substrate
rotation tables (2) were utilized in this regard to control the temperatures within the deposition chamber
from exceeding the maximum temperature threshold defined by the most sensitive 3D polymer substrate

to be coated.

Figure 5-1 shows the temperature evolution with time for each of the coating deposition DOESs steps
utilized in the initial deposition phase of this work. To allow for sufficient coating thickness to be
deposited, several deposition steps were implemented within a DOE cycle with a complimentary off
duty cycle lasting an hour between each deposition step to minimize the sudden effect of temperature

build-up due to the direct thermal heat flux from the micro-wave sources, particle ionization and
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bombardment during each deposition cycle. The heating rates for each of the deposition cycles were
mostly linear through the deposition steps, however, few deviations were observed in the case of some
deposition steps. This phenomenon was solely attributed to the difficulty of igniting the plasma at some

stage during the deposition cycle.
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Figure 5-1- Temperature evolution during deposition leg for DOE-1,2 and 3 with plots showing
each deposition step made to deposit the DLC coating.
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Figure 5-2- Plot of the average heating rate of DLC deposition step for each deposition Leg
determined from individual rotating thermocouples located at the same working distance as
the substrate during.

The heating rate for the individual deposition legs is presented in Figure 5-2, where the maximum
average heating rate for the three DOEs was found to be 2.95 °C/min for DOE 2. The lowest calculated
rate was observed in DOE 3 at 1.23 °C/min with DOE 1 having a 2.54 % reduction in the heating rate
compared with DOEL. This means for each DOE, the time at which the thermal threshold within the

chamber will be attained (at 46 °C) will vary. Therefore if we assume an average starting temperature
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range (consisting of the minimum and maximum starting temperature points obtained during the
deposition individual deposition steps) of 35.8 °C - 38.2 °C with a maximum allowable temperature of
46 °C, then we would expect to have on average 2.5 mins of deposition time before overheating occurs.
Similarly, for DOE 2 and 3 at temperatures of 38.25 °C — 41.13 °C and 36.10 °C —43.10 °C, a heating
rate of 2.98 °C/min and 1.23 °C/min respectively was recorded. This means it will take between 1.7 —
2.65 mins and 4 — 8 mins for DOE2 and 3 to attain the maximum allowable temperature of 46 °C. A
review of the process parameters as they affect the heating rate shows a corresponding increasing gas
flow for both Ar and C,H, as shown in Figure 5-2. This means more energetic particles can transfer
their K.E to the substrate surfaces, thus increasing the heating rate as a result. Since the process
parameters used for each DOE was different, the time leg for which the maximum temperature threshold
is attained will vary. As a result, the deposition time in reaching the maximum temperature for each leg
in other to prevent overheating of the substrate was different.

5.1.4 Deposition rate

The deposition rates for the various DOE’s were determined by measuring the step height change from
an area on the surface of the coating to that of the uncoated surface masked during the deposition stage
with a Kapton tape using a 2D contact Talysurf PG1800 profilometry scanner. The average coating
thickness (um) of the three DOE DLC’s produced with their corresponding deposition rates on both 3D
ABS and Verogray are presented in Figure 5-3. The deposition rate is a measure based on the coating

thickness and total deposition time (mins) determined in each deposition step for a total 5 samples.
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Figure 5-3- Variation of (a) coating thickness and (b) deposition rate for all DOE Legs studied
on both 3D ABS and Verogray samples.
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It was observed that the coating thickness varied from roughly 0.44 to 0.75 um in the case of 3D ABS
for DOE 1-3 and 0.42 to 0.7 pum for similar deposition steps on Verogray samples. The effect of the gas
flow in both coating thickness measure and deposition rate calculation shows a positive relationship
between the two parameters determined as the increase in the process gas flow increases deposition rate
[248]. The highest coating thickness and deposition rate were observed for DOE2. A comparison
between both substrates in terms of coating thickness and deposition rate show that under the same
deposition condition, film growth through atomic nucleation is enhanced in all cases for 3D ABS

polymers compared with Verogray.

5.4 Surface roughness

The relationship between the surface roughness of both coated and uncoated substrates roughness is
shown in Figure 5-4. It is observed that in all cases for 3D ABS, the surface roughness of the underlying
substrate material is always higher than their coated counterpart and similar could be said for Verogray
samples. Significant differences were observed for all Verogray coated samples with DOE 3 coating
providing a 97 % reduction in the surface roughness of the pristine surface. Even though 3D ABS
showed some reduction in their R, values, deposition under DOE 2 for 3D ABS showed no significant
differences between both coated and uncoated samples. It is apparent from both R, values that the
surface roughness and topography definition for the uncoated polymer played an important role in

creating a conformal coating structure on the already existing surface.
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Figure 5-4- The relationship between the roughness of the DLC coated surfaces and that of the
pristine substrate surface for (a) 3D ABS and Verogray(b).
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Further analysis of both coated and uncoated surfaces reveal detailed surface coating cracking and
irregular abrasive marks created as a result of the post surface treatment methods after printing. A
summary representation is shown in Figure 5-5 for both 3D ABS and Verogray samples for DOE 1. It
is evident from the SEM image shown in Figure 5-5 that, the coating damage resulting from the
extensive cracking exhibited by the coated surface may have led to the increased surface roughness.
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Figure 5-5- SEM Image showing the surface morphology for both uncoated and coated 3D ABS
(shown as (a) and (b) for coated and uncoated 3D ABS respectively) and Verogray (shown as
(c) and (d) for uncoated and coated Verogray respectively) for DOE 1.

Even though the above conclusion on the role of surface roughness provides some evidence in support
of the relationship between surface feature definition and coating roughness, the evidence, however,

provides some exceptions which are multifaceted.

5.5 Coating adhesion

A progressive load scratch test to assess the coating adhesion was performed using a 200um conical
diamond tip with a sliding speed of 10mm/min along the coated surface with a linearly increasing load
of 0-5N until coating failure occurs. The failure event is examined by an optical microscope to
determine the extent of deformation on the surface. Figure 5-6 shows a representative deformation
response of the coated 3D ABS for DOE 1-3. In all cases, the test results show complete coating failure
characterized by varying degrees of adhesive failure. For DOE 1 it was observed that the coated 3D
ABS showed gross spallation of the coating from the substrate surface at the start to the completion of

the test at 5N as large detached regions are seen completely spalled in the process. However, for DOE
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2 and 3, the deformation observed was characteristic of buckling spallation failure where coating
damage is seen ahead of the stylus tip with irregular chevron-like cracking extending beyond the scratch

grove.
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Figure 5-6- Coating adhesion response to progressive load scratch test from 0-5N on 3D ABS
and Verogray for DOEL1 (a), DOE2 (b) and DOES3 (c).

Similarly, the performance of Verogray to the applied tensile and shear stress provided similar
deformation characterization where complete failure was observed in all DOEs. It is self-evident from
the SEM image from Figure 5-5 that, the highly-stressed coating structure showing extensive cracking
being acted upon by both tensile and shear stress from the macro-scratch test is as important a
contributing factor in the coating delamination process as both the tensile and shear stresses acting on
the surface. By extension, it was concluded that to obtain satisfactory coating-substrate adhesion, the
individual DOE’s must be reviewed to account for the stress build-up developed during the coating
process resulting in the coating deformation through cracking. A typical characteristic property
associated with DLC coating on polymer substrate [249, 126].

5.6 Modification of DLC coating

DLC films, in general, have been constrained in their application as a result of the large internal
compressive stress generated during film deposition which could be up to 10 GPa under certain
deposition conditions [250]. This is shown to greatly limit the adhesive strength between the DLC films
and substrate, resulting in the deformation of the coating at the substrate-film interface through cracking
and or peeling-off of the coating from the surface [251, 252]. To solve the problem of high internal

stress and poor adhesion, several methods including the use of interlayers and elemental doping using
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Ti, Cr, W, N, and Si are regularly used in the process [250]. Bootkul et al. [253] compared the scratch
critical load performance of both ta-C and ta-C:N DLC films and noted that the critical load for the
nitrogen-doped ta-C film increased by about two folds even for the lowest partial pressure of 9 x 10°
Torr (N< 0.001%) and showed an upward increase in the scratch resistance with increasing nitrogen
partial pressure. This is because the use of nitrogen dopant serves to increase the adhesion strength of
DLC films by prompting the clustering of sp? sites, thus enhancing the graphitization of the film owing
to the preferential © bonding of nitrogen in the film [254]. As C=C bonds have shorter bond lengths
than C-C bonds, the surge in the formation and clustering of C=C vyields to decrease the strain in the
film [253]. However, with further inclusion of nitrogen in the film, the formation of C=N bonds having
shorter bond lengths in comparison with both C=C and C-C bonds occurs as a result, thus promoting

further the reduction of strain in the film and increasing adhesion as a result.

As a consequence, a new design of experiment was proposed based on the addition of varying amounts
of nitrogen content in the amorphous hydrogenated carbon (a-C:H) to form a nitrogen-doped amorphous
hydrogenated carbon (a-C:N:H). Table 5-3 and Table 5-4 provide details of both the proposed and
actual coating parameters used for the deposition. In the new proposal, the gas flow rates of N, and
C,H, are varied at constant micro-wave input power, Ar gas flow rate, and working pressure. In total,
five different DLCs were studied based on the initial proposed design discussed earlier. The nitrogen
gas flow rates used in relation to a constant Ar flow rate (sccm) of 50sccm were 10 and 20sccm as
detailed in the proposed design table. Similarly, the gas flow rate of C,H, to Ar gas flow of 50 sccm
used were 610 and 310. The resulting coating performance is discussed further in this chapter and shall

act as the basis for all coating design and discussion in subsequent chapters.

Table 5-3- Proposed parameters used to deposit the modified DLC coating.

Proposed
MW Power Working C:H2 Ar flow
DLC (W) Pressure flow rate N2
(mbar) rate (sccm)
1 2 (sccm)
1 1050 1050 0.012 610 50 -
2 1050 1050 0.012 610 50 10
3 1050 1050 0.012 610 50 20
4 1050 1050 0.012 310 50 10
5 1050 1050 0.012 310 50 20
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Table 5-4- Actual parameters used to deposit the modified DLC Coating.

Actual
MW Power Working C:H> Ar flow
DLC (W) Pressure flow rate N2
(mbar) rate (sccm)
1 2 (sccm)
1 1034 1044 0.011 610 50 -
2 1050 1050 0.014 608 50 10
3 1027 1042 0.012 600 50 20
4 1043 1050 0.012 298 50 10
5 1050 1050 0.010 310 50 20

5.6.1 Substrate heating

The heating rate for the modified new design for all DLCs deposited is presented in Figure 5-7 and
Appendix | where individual DLC deposition legs are shown. Similarly, as detailed in the previous
discussion in this chapter, the majority of the heating rate curves show a positive linear correlation
between the temperature build-up on the substrate with time. The average maximum and minimum
heating temperatures attained for each deposition leg are also detailed in Figure 5-7 (b). Data presented
in Figure 5-7 are an average of 3 individual runs. It was revealed that, for all the five DLCs deposited,
the highest maximum average temperature attained was at 41.6 °C for DLC/2 with a corresponding
heating rate of 2 °C/min (Figure 5-8)
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Figure 5-7- Plot showing the (a) temperature evolution during deposition leg for DLC/1 with
plots showing each deposition step made to deposit the DLC coating (b) combine average
minimum and maximum temperature attained for each DLC coating during coating.

Thus, considering the difference between the maximum and minimum temperature of about 10 °C and

a heating rate of 2 °C/min, it will take between 7-8 mins to attain the maximum permissible temperature
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of 46 °C. The highest heating rate of 4.62 °C/min was recorded for DLC/5. This could be partly due to
the micro-wave source working at full power (1050W), thus emitting maximum thermal radiation flux

to the substrate or through ion particle flux to the substrate.

Heating rate (°C/min)

Figure 5-8- Plot showing the average heating rates for DLCs 1-5

5.6.2 Deposition rate

The deposition rate for the modified DLC coating was similarly measured using the step height
technique described in Chapter 3 with the 2D contact Talysurf PG1800 profilometry scanner. However,
further validation of the coating thickness was performed using an SEM. The deposition rates for each
of the five individual DLCs and their corresponding coating thickness are detailed in Figure 5-9 and
Figure 5-10 respectively. To access accurately the deposition rates and total thickness on each sample
for the different DLC films, 5 individual substrates from both 3D ABS and Verogray were measured

for their thicknesses.

To prevent the samples from overheating, the individual deposition times were varied based on the
response to the temperature build-up on the substrate, hence the individual rates do not exactly match
the coating thickness in some cases. The highest deposition rate recorded for all five DLCs was
7.4um/hr for DLC/1 with the lowest being DLC/5 at 1.8 um/hr. For a similar deposition time of 15mins,
recorded for both DLC/5 and 3, the deposition rate was seen to almost have doubled from 1.84 to 4.2
pm/hr.
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Figure 5-9- Deposition rate for modified DLC coatings.

The corresponding coating thicknesses for all DLCs are summarized in Figure 5-10. The thickness
measured varies from 0.5 - 2 um for 3D ABS and 0.8 — 1.7 um for Verogray using similar deposition
steps and rates for each deposition cycle. The variation observed between coating thickness and
substrate material shows limited variation in measured error for most of the DLCs deposited in this
study. It is interesting to note that, in all cases except for DLC/4 and 5 where the opposite was the case,
the coating thickness increases on 3D abs when both substrates are compared under similar deposition

conditions.
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Figure 5-10- Coating thickness for modified DLC coatings.
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5.7 Modified DLC coating adhesion

The adhesion of the modified DLC coatings is assessed for their critical loads (L) of failure using the
Tribotechnic macro scratch tester as detailed in Chapter 3. The experimentally observed modes of

failure in the scratch test are described in this section.

5.7.1 Surface energy and wetting

Surface energy is a useful characterisation tool for defining the adhesion properties at the surface
compared to the bulk material. When adhesion of polymers with other forms of organic and inorganic
coating structures become necessary, chemical interaction between the bonding species at the interface
resulting in covalent bonding is essential. This means it is necessary to have the presence of highly
reactive functional group sites on the polymer surface during the build-up of coating on the surface.
Surface wettability based on the measurement of the polymer surface contact angle response to drop
shape was conducted to quantify the surface energy of the polymer surface. Surface treatment using Ar*
plasma on polymer surface like any other plasma treatment has shown to promote surface ablation,
crosslinking and activation. The yield of these so-called dangling bonds resulting from the surface
treatment is defined by the exposure time and plasma power. Figure 5-11 shows the measured contact
angle for both pristine and plasma surface etched polymer surface after 3mins of exposure to Ar*
plasma. As can be seen, the water contact angle measurement for the untreated pristine surfaces for both
3D ABS and Verogray was 40 ° and 58 ° respectively. However, after 3mins of Ar* plasma exposure,
the respective contact angles (c.a) of both samples were further reduced to 22 ° and 17 ° for both 3D
ABS and Verogray.
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Figure 5-11- Water contact angle measurement for both pristine and plasma surface etched after
3mins for 3d printed ABS and Verogray.
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Polymers, in general, have low surface energy, poor wettability and coating adhesion on surfaces are
extremely poor after printing. Apart from the advantageous removal of surface contaminants through
Ar bombardments, several authors have shown that surface treatment of polymer may lead to the
increase in OH functional group which upon exposure to the atmosphere may react with air and water
[122, 249, 255]. Carley [122] noted that this change may result from the OH group concentration on
the polymer surface and would be traceable by measuring the contact angle of deionised water on the
surface. He later observed a decrease in the c.a on virgin ABS when treated with Ar* plasma. Jeon et
al. [255] in the metallization of PET polymer with Cu showed that pre-treatment is a condition for
attaining stronger adhesion. Lambare et al. [256] also explained that the combination of chemical and
topographic modification of polymer surface using PSE treatment pre-coating enhances adhesion and
mechanical anchoring to the functionalised polymer surface after Ar* plasma treatment. They further
noticed a positive correlation between surface wettability and adhesion strength when ABS, ABS/PC
and PEEK polymers were treated in an argon plasma for 2 min. This is self-evident in the c.a results
obtained before and after PSE treatment that after the PSE treatment, surfaces possess much higher

surface energy as a result of their improved hydrophilicity.

5.7.2 Scratch test

Coating failure on polymer systems has often been used to explain surface conditions underpinning the
mechanisms characterizing the failure modes for polymer-coating systems. The outcome of the
individual scratch test for all five DLCs deposited onto both 3D ABS and Verogray are shown in Figure
5-12 to Figure 5-16 and Appendix Il. The 200 um Rockwell diamond tip radius test comes with the
series of multiple failure mechanisms observed as critical failure points of the coating on the substrate.
As Ollivier & Matthews [257] noted, coatings failure occurs at different modes owing to the substrate
and coating properties. They further defined these coating failure points along the scratch length as
critical loads (Lc). For this work, the critical coating failure points observed along the scratched length
are defined by L1, Lc2 and L¢3 (where L1, L2 and L3 are the initial, second and final critical loads
respectively.). A representation of some typical failure modes is presented in Figure 5-12 and Figure

5-13. All scratch tests data presented in this study are an average of three repeats.

In all cases resulting in coating failure, the applied progressive load scratch direction was from left to
right, resulting in the plastic deformation of the coating and substrate as a result. The majority of the
shape and failure produce suggest a predominantly tensile control damage regime with coating failure
occurring on the leading edge of the scratch tip. As load is increased from 0-20N, the frequency of
cracks developing on the coating surface increases and are defined by their critical load points of failure
until complete deformation is attained defined by cross spallation at the region with maximum shear

stress. From Figure 5-14, the critical loads of the individual DLCs are shown. Despite all coated DLC
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samples undergoing similar test conditions, they performed differently. With the introduction of
nitrogen gas, the initial critical loads of failure defined by L1 was lowered for all coating except DCL/1.

Figure 5-12- Typical failure mode of DLC/1 coatings on pristine additively manufactured (a)
ABS (b) Verogray. Black arrow shows scratch direction.

Figure 5-13- Typical failure of DLC/2 coating on pristine additively manufactured (c) ABS
and(d) Verogray.
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Figure 5-14- Shows the Individual critical loads defining the coating deformation regimes for
DLC/1-5 for unpolished 3D ABS (a) and Verogray (b).
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For 3D ABS, the sequence of reduction for DLC/1- 5 for L1 was 2.1>1.2>0.7=0.7>0.5N respectively.
However, even though similar trends were observed for 3D Verogray except for DLC/2, the initial
critical loads for DLC/1-3 were the highest when compared with 3D ABS. The sequence observed for
3D Verogray for Lc1 was 4.5<6>4.85>0.6<1N for DLC/1 to 5 respectively. Olliver and Matthews [257]
noted that, when a compressive load was applied on both hard and soft surfaces, the resulting pressure
at the contact is consequently low if the contact surface is soft as compared with a harder surface. Hence,
if a certain pressure is needed at the contact area between the coating and film to induce a shear stress
large enough to cause coating failure, then this yield pressure will be attained at lower loads for harder
coatings than for the softer coating; as a consequence, the critical load for softer coating will be greater
than that of the harder coating. Therefore, on average, it is right to say, DLC/1 produces the softest

coating in the entire design based on the adhesion performance on both polymers.

To understand the effect and limitations surface roughness play in the adhesion performance of both
3D ABS and Verogray samples, all samples were polished to attain an Ra. of 38.5£2nm surface
roughness as detailed in Chapter 3. Similar coatings were deposited, and their failure modes assessed
in Figure 5-15 for DLC/1 and 2 and Appendix Il for DLC/3-5.

Figure 5-15- Typical failure mode of DLC/1 coatings on polished 3D printed (a) ABS (b)
Verogray. The black arrow shows scratch direction.

S00um

Figure 5-16- Typical failure mode of DLC/2 coatings on polished 3D printed (c) ABS (d)
Verogray. The black arrow shows scratch direction.
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It was noted that the overall adhesion performance for both polished 3D ABS and Verogray coated
samples were improved in comparison with their pristine unpolished counterpart. The observation of
the fracture damage behaviour even though delayed in some cases show similar plastic tensile
deformation with coating failure occurring also on the leading edges of the Rockwell diamond tip. The
critical loads of failure are presented in Figure 5-17 for both 3D ABS and Verogray. DLC/1 coating on
polished 3D ABS showed improved response to shear load damage from a 2.1N to 4N. For the same
coating, there was an improvement of 37 % for Verogray from 4.5N to 7.14N. The highest critical load
observed for DLC/1 coating for both samples was at 11N. This represents the second critical load after
which complete deformation of the coated substrate is attained for Verogray polished samples. As
discussed previously, it can be seen that for the introduction of nitrogen, there is a downward decline
in the performance of the DLC coatings on polished Verogray. In comparison with ABS polished
samples, there was a marginal increase of 1N for DLC/2 from a starting L1 of 4N for DLC/1, but this
however declined further for DLC/3 and 4. That notwithstanding, it can be seen that Verogray provide

better adhesion for both cases of polish and unpolished substrates.
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Figure 5-17- Shows the Individual critical loads defining the coating deformation regimes for
DLC/1-5 for polished 3D ABS (a) and Verogray (b).

5.8 Coating fracture toughness

The resistance to coating failure during bending through the initiation and propagation of cracks within
highly stressed coating for both textured and untextured coated polymers is morphologically examined.
By using a 3-point bend test as described in Chapter 3, the coating failure detailed response for the

different textured surfaces, namely textured A and B are presented.
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5.8.2 Coating failure

In this technique, the progression of crack patterns during the 3-point bending is monitored as a function
of the applied load to the individual coated surfaces. Figure 5-18 shows a typical flexural curve of the
3D printed polymer-coated surface under flexural load where the distribution of bending observed at
first hand is linear as predicted by the linear theory, however, as the curvature increases, the polymer is
seen to kink, thus localizing the bending. Wiggins et al. [258] attributed this behaviour to the signature
of non-linearity softening at high curvature.
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Figure 5-18- A typical flexure curve of 3D- polymer showing the kinking and bending failure of
the crack during its propagation.

To reveal the extent of coating damage amongst the individual coated substrates during bending, the
failure mechanism is discussed through observing the cracked morphology after bending by using a 4K
Ultra-High Accuracy VHX-7000 series digital microscope, which is shown in Figure 5-19 to Figure
5-22 and Appendix I11. It can be observed that in all cases regarding the Verogray samples, the in-situ
optical micrograph shows no coating deformation in the form of cracking regardless of the coating
thickness, DLC coating type and surface texture variation used. This, in turn, indicates a strong adhesion
bonding in the coating-substrate interface. This means the energy released during the transverse loading
or 3-point bending of the individual coated samples is significantly less than the fracture toughness of

the individual coated DLCs and hence no fracture is formed as a result.

In the case of the coated 3D ABS substrates, the predominant failure regime was characterised by
coating cracking at the polymer-coating interface. As can be seen, the deformation and crack
propagation through both textured and untextured surfaces at the saturation of the fragmentation test,
show varying coating responses to the applied flexural load. It was observed that for DLC/1 coating,
the fracture formed were characteristically continuous with uninterrupted propagative crack pattern

terminating at specific intersection junctions defined by other levels of surface crack irregularities. It is
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very telling to note that, these termination points are preferentially nucleated at specific sites where
there is a change in the surface morphology or contouring as seen in both textured surfaces defined in
Figure 5-19 (b) and (c).

In DLC/2, the characteristic deformation pattern observed after the test shows a highly stressed coating
with a mixture of surface buckling and crack deformation patterns. For textured surface A and B coated
substrates for 3D ABS, a clear distinction could be made regarding the coating deformation regime.
Figure 5-21 (b) show limited surface fragmentation in the form of coating cracking, however, surface
regions primarily restricted to the trough areas (denoted as ‘a’ on Figure 5-21 (b)) of the corresponding
peaks, show a rather highly stressed section in comparison with the peak textured areas on the surface.
However, for the textured B surface, the coating damage is seen to be dominated by surface cracking
with sections of the cracked region showing complete spallation.

Similarly, the comparative morphological study of DLC/3 on 3D ABS show similar surface coating
deformation to DLC/2, but with a far-reaching deformation pattern extending to the peak heights of the
textured surface. However, it was observed that for the same coating on 3D ABS textured B surface,
only limited regions of the coated surface showed a crack deformation pattern where crack formation

run perpendicular to the transverse load.

For DLC/4, it was shown that for the untextured surface, extensive ‘brick-like crack surface patterns
were distributed along the entire substrate surface with high-stress regions shown as surface wrinkles
and coating buckling. On both textured surfaces A and B, similar deformation patterns in the form of
micro-cracks oriented parallel to the transverse load are observed. However, for DLC/5 the deformation
was seen to be randomly distributed and highly chaotic with interspersed cracking patterns. A detailed
surface scan of both 3D ABS and Verogray surfaces of which is extensively discussed in Chapter 6
show widespread coating defects in the form of nano and micro pit-like structure present on the surfaces
of 3D ABS of which can be attributed to the coating failure when under severe flexural extension.
Additionally, it can be seen that for most cases involving textured surface A for 3D ABS, the primary
deformation pattern observed after bending was the presence of highly stressed thin-film showing
extensive residual stress state formed due to the imbalance of the bending moment from the minimal
stress state of the coated surface after deposition. This stress state produces extensive buckling and
surface wrinkling of the coated surface consequently as a result of the highly deformed surface. For
textured surface B, it was largely seen that the predominant surface deformation condition was limited
to the development of cracks. However, in all cases showing coating failure amongst the individual

textured and untextured surfaces, no coating delamination failure was observed after bending.

118 | Page



Cracking

Figure 5-19- Cracking behaviour of DLC/1 coating on 3D ABS after bending showing coating
deformation pattern on all three surfaces defined as (a) untextured coated surface (b) textured
type A (c) textured type B.

Figure 5-20- Morphology of DLC/1 coating on 3 Verogray showing no surface deformation
after bending on all three surfaces defined as (a) untextured coated surface (b) textured type A
(c) textured type B.

Coating wrinkling

Figure 5-21- Coating deformation behaviour exhibited by DLC/2 coating on 3D ABS after
bending showing coating deformation pattern on all three surfaces defined as (a) untextured
coated surface (b) textured type A (c) textured type B.

Figure 5-22- Morphology of DLC/2 coating on 3D Verogray showing no surface deformation
after bending on all three surfaces defined as (a) untextured coated surface (b) textured type A
(c) textured type B.
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5.8 Summary

Low-temperature MW-PECVD technique has been successfully used in the deposition of DLC films
below 46 °C. To allow sufficient coating thickness to develop, several deposition steps with
complimentary off duty cooling cycles lasting an hour were implemented to minimise the thermal heat
load within the deposition chamber. The qualitative surface morphology analysis of the initial DLC
coatings reveal the presence of highly stressed surfaces characterised by the presence of irregularly
dispersed coating crack patterns on all coated substrates. In analysing the adhesion property of the
individual coatings using scratch testing, complete coatings failures were observed for progressive loads
of 0-5N. For some DLC coatings, compressive stress generated after coating could reach up to 10GPa
[250] resulting in poor adhesion and coating delamination through cracking. To mitigate this problem,
interlayers and elemental doping using nitrogen are regularly used [250] to increase the adhesion
strength by promoting sp? clustering sites. With a modified DLC coating structure, the gas flow rates
of nitrogen and C, H, were varied at constant micro-wave input power. For this modified coating design,
5 different DLC coatings were synthesized and deposited onto both 3D ABS and Verogray. Further

adhesion tests with the modified coating showed improved coating adhesion performance under 0-20N.
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Chapter 6

Results & Discussion: Coating structure and composition

6.1 Introduction

This chapter presents a detailed analysis of the 5 individual coating structures produced using the MW-
PECVD technique as described in Chapter 3. A cross-section analysis of the coating using SEM imaging
is presented. Further correlation between the compositional, structural and mechanical properties of all

coatings is made.

6.2 Coating structure

The 5 individual coatings analysed were cast in resin and polished to mirror finish after curing to expose
the cross-section view of the coating. The cross-sectional view of the coated samples obtained using
the Hitachi SEM is shown in Figure 6-1, with each coating structure sandwiched between the polymer
substrate at the bottom and resin at the top. As the resin dries and begins to set around the coated
polymer, it is expected that the adhesion between the resin and DLC coating may produce some form

of tensile stress at both interfaces, especially between the resin and coating.

DLC/1 DLC/2 DLC/3 DLC/4 DLC/5

b —— —— - —

Figure 6-1- Cross sectional SEM image showing coating thickness properties on both 3D ABS
and Verogray substrates. Cross section shown as (a),(c),(d),(e),(9),(i) represents 3D ABS
samples coated under DLC/1-5 respectively. Samples (b),(d),(f),(h),(j) represents Verogray
coated samples for DLC/1-5 respectively.
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These stress accumulation at the interface may be large enough to overcome the adhesive strength of
the coating with the polymer, however, the scratch test results show adequate adhesion of the coating
of which the impact from the resin is assumed to be less than the adhesion between the coating and
polymer. The respective images show a uniform and well-distributed DLC coating with good adhesion
on the polymer substrate.

6.3 Atomic force microscopy (AFM)

The surface characterization at the nanoscale, using an atomic force microscope (AFM) has proven to
be a useful tool in offering both quantitative and qualitative information about material surface
properties. Material quantitative properties such as height and surface roughness can easily be probed
without damaging the fibrillar architecture of the surface [259]. Figure 6-2 to Figure 6-5 provide a
detailed surface qualitative morphological description of both uncoated and coated surfaces for both 3D
ABS and Verogray. For all figures presented, the detailed comparative AFM surface scan showing the
material surface properties pre and post coating is made evident. The 3D topography image reveals a
more homogeneous surface with very low colour variation and contrast, which reveals the uniformity
of surface features on both substrates. However, as a general observation, for the coated 3D ABS sample
in (a), Figure 6-4 (a) and Figure 6-5 (a), the distinction depicted by the colour contrast is self-evident to
prove the variation in the surface feature [260]. An important surface feature observed typically with
the 3D ABS is the presence of macro and micro pit like defects structures shown in Figure 6-2 for both
uncoated and coated samples respectively [261, 262]. It was evident for the DLC/1 coated 3D ABS
sample that similar surface features were still visible after coating the surfaces. This shows the coating
coverage on the substrate is controlled by the surface feature to which the coating mirrors the exact
surface contours of the pristine surface. As further observed, the differences in peak height values and
spread over the entire surface of the Verogray sample for both coated and uncoated samples show a
more heterogeneous surface compared with 3D ABS when coated with functional DLC film.

A summary plot showing the quantitative depth-sensing profile for both coated samples are presented
in Figure 6-6. Figure 6-6 further captures the percentage depth distribution for each substrate studied
from the micro to nanoscale range before and after coating. For this analysis, a 10pum x 10um scan area
was analysed using the NanoScope AFM software. A comparison of the individual depth profile
distribution for both pristine and DLC/1 coated substrates show observable changes in the micro and
nano-cavities range where a shift from a predominantly high depth to a lower depth range distribution.
However, DLC/2 coated substrate showed a significantly broader range of microcavities range after
deposition. For all DLC/3 coated substrates, there was a shift in the peak positions band for the depth
profile distribution, where 3D Verogray showed a higher proportion depth band distribution. A similar
analysis for both DLC/4 and DLC/5 samples was attempted, but for poor resolution from the raster

scan, no results for the two coatings were presented.

122 |Page



(b)

Figure 6-2- AFM Image of uncoated samples showing 3D printed ABS (a) and Verogray (b).
Red arrows indicate surface defects in the form of micro and macro-pits on polymer surfaces.
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Figure 6-4- AFM image of DLC/2 film deposited on 3D ABS (e) and Verogray (f).
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Figure 6-5- AFM image of DLC/3 film deposited on 3D ABS (g) and Verogray (h).
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Figure 6-6- AFM surface scan showing quantitative depth-sensing of substrate nanoscale
cavities for 3D printed ABS (a) and Verogray(b) for all coated and uncoated samples.
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Figure 6-7- Surface roughness quantification using AFM scan of the individual surfaces. P/O
is the pristine uncoated 3D printed samples. DLC/1, DLC/2, and DLC/3 are the coated samples
deposited with 0, 10 and 20sccm of nitrogen flow.
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The average surface roughnesses of both coated and uncoated surfaces are presented in Figure 6-7. For
all samples studied, the average surface roughness value of the uncoated substrates was much lower
than their coated counterparts. The average surface roughness on the uncoated 3D ABS and Verogray
samples were 1.9 and 3.4 nm respectively. However, by the application of functional DLC coating films
onto the 3D polymer surfaces, the average surface roughness increased sharply. With the increment of
nitrogen incorporation from 0 to 10sccm for DLC/2, the average roughness increased from 7.63 to
9.13nm for 3D ABS and 6.48 to 9.63 nm for Verogary.

Commonly, it has been noted that surface morphology variation arising from surface roughness in DLC
coatings are affected by the surface species migration, graphitic crystallization, surface bombardment
of energetic particles and surface temperature [263]. Most prominently are the molecular ion and neutral
species incident at the film surface which breaks into atomic ions and energy on impact [260]. These
neutrals consist of an undissociated precursor gas, mono-radicals, for instance, CHs, di-radicals and
others contribute to the mass growth of the film rather than the molecular ions alone [260]. Several
authors have noted that the growth rate of a-C:H films decrease with temperature increase [260, 264,
265]. The initial research conclusion was that this was as a result of the weakly adsorbed neutral species
which would desorb from the film at higher temperatures [264, 265] but Kessels et al. [266], von
Keudell and Jacob [267, 268] noted that contrary to the desorption theory of atomic neutrals exclusion
at higher temperatures, dependence in film growth at higher temperatures is as a consequence of atomic
hydrogen etching effect. The atomistic growth of film in itself is independent of temperature [260].
Aaréo Reis and Franceschini [269] in a study of the deposition and erosion model feature of carbon-
nitrogen film growth under PECVD observed an increase in surface roughness of the a-C:N:H film with
increasing nitrogen content. They further noted that this increment in surface roughness was a
consequence of the erosion driven behaviour facilitated by N3 ion bombardment. Similarly, Silva et al.
[270] observed an increase in surface roughness with increasing nitrogen incorporation, which is shown
to be related to the film growth kinetics during deposition [270]. Prioli et al. [271] in an investigation
of both the friction coefficient and surface roughness of an a-C:N:H using an AFM showed a similar

increment in the surface roughness value by a factor of two for an 11% nitrogen content increase.

6.4 Nano-Indentation

The mechanical properties of both uncoated and coated substrates are studied using nanoindentation
technique to determine the properties of both 3D ABS and Verogray substrates before and after coating.
The nanoindentation response for as-deposited DLC coatings and the corresponding pristine substrate
are shown in Figure 6-8 and Figure 6-10. For both conditions, the depth dependence on hardness is

shown.
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6.4.1 Polymer hardness properties

Figure 6-8 shows the hardness profile as a function of indentation depth (nm) for both substrates. At all
measured depth between 100 and 600 nm, Verogray showed higher material hardness properties as
compared with 3D ABS. As the indentation depth increases, both substrates recorded lower hardness
values with Verogray showing the most significant reduction with depth whereas 3D ABS showed a
relatively consistent hardness value across the entire indentation depth profile with reduced standard
deviation (shown as error bars). These responses in hardness measure are mostly attributed to the
roughness effect possessed by the individual substrate surfaces. With the hardness depth profile
response shown, typically, for the Verogray samples, it is very difficult to define the precise length
scale-dependent deformation, since the explanation for such ordered decline could be complex in certain
polymers and may be related to heterogeneity in the material properties with depth, friction and surface
effect properties.

Similarly, by monitoring the length scale deformation of the polymer substrate, the Young’s modulus
for the pristine substrates were all determined using the Berkovich diamond tip nanoindenter as detailed
in Chapter 3. It was observed that at all depths, Young’s modulus for Verogray was larger than the 3D
ABS sample (Figure 6-9). However, exceptions could be made also at 600 nm depth where both
materials exhibit similar elastic modulus properties. As with the hardness measure for the two 3D
polymers (Figure 6-8), Verogray measurement at different depth are within the measured 1o value with
depth. Meaning, for the two substrates studied, the indentation substrate effect (ISE) on the two coated

polymers should perform similar at indentation depths where their 1o value remains same.
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Figure 6-8- Hardness of pristine (P/0) 3D ABS and Verogray at different indentation depths.
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Figure 6-9- Young's modulus for pristine (P/0) 3D ABS and Verogray polymers measured at
different depths.

6.4.2 DLC composite hardness

Figure 6-10 shows the hardness measured for all DLCs coatings produced on both 3D ABS and
Verogray substrates at depths equivalent to 10% of the coating thickness. The normalised indentation
depth of 10 % coating thickness was used to minimize the substrate effect [272]. Both coated substrates
characteristically showed a similar surface hardness trend in all but one of the DLC coatings where the
hardness for Verogray exceeded that of 3D ABS in the case of DLC/5. On both substrates, the hardest
coating was produced for DLC/3 coating structure. By comparing both coated substrates for DLC/3, it
was observed that 3D ABS showed the highest coating hardness of 4.1 GPa compared to 3.1 GPa
measured for Verogray. The softest coating produced was DLC/5 with a corresponding hardness of 2.0
GPa and 2.3 GPa for 3D ABS and Verogray respectively. It was observed that, as the nitrogen gas flow
rate increases from 0 sccm in DLC/1 to 10sccm in DLC/2 and finally to 20 sccm in DLC/3, the coating
hardness increases as a result. However, as the acetylene gas flow rate was reduced by 50 % to 310sccm
(Chapter 5) with similar nitrogen gas flow rates at 10 and 20 sccm for DLC/4 and 5, a reduction in the
coating hardness was observed for all 3D coated samples. For DLC/2 and 3 coated samples for
Verogray, the coating hardness measure was seemingly close in value at 3.1 GPa and 3.2 GPa for DLC/2
and 3 respectively. Similarly, the corresponding Young’s modulus for the individual coated substrates
are presented in Figure 6-11. For the coated substrates, it is evident that similar trends could be observed

for the individual Young’s modulus value experimentally determine

127 |Page



54
= ABS

| ® Verogray

4 -
=
ol
93— ] %
? ¢ %
A
<
3 27 %
I

1

0 T

1 2 3 4 5
DLC Coating

Figure 6-10- Hardness values of DLC coating structures on both 3D ABS and Verogray
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Figure 6-11- Young's modulus of MW-DLC coated samples.

6.5 Raman spectroscopy

The central focal point of any amorphous carbon film is the hybridization of the carbon atom. For a
large fraction of sp® dominated carbon atom in a well cross-linked a-C:H film, an improvement in the
film hardness is achieved as a result. However, the main concern arises with the hybridization state of
carbon atoms when the structure is incorporated with nitrogen. Several authors have reported a decline
of the sp® C atomic fraction when nitrogen is incorporated as a precursor during deposition [273, 274,
275]. Raman spectroscopy as among other useful structural characterization tools provides useful
information about the structural quality of diamond, graphite, DLCs and carbon nanotubes. For this
work, Raman spectroscopy was used to characterize the film quality produced by the MW-PECVD
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technique (Figure 6-12). As in a-C:H and a-C:N:H films, the main structural features are the broad
peaks shown as the ‘D’ and ‘G’ bands present in the non-crystalline graphitic carbon material. Both ‘D’
and ‘G’ peak modes correspond to the fundamental breathing modes of sp? -C atoms in rings (A
mode) and Ex; mode of graphite in the bond disordered chain structure stretch [274, 275]. Figure 6-12
shows the Raman spectra of the DLC films grown at different nitrogen and acetylene flow rates. In the
spectrum of carbon film with no nitrogen gas flow (DLC/1), a strong peak centred at approximately
1533cm™ and a broad peak at 1320cm™ are observed for ABS coated substrates and similarly, a 1531
cm? and 1319 cm?, referring to the so-called ‘G’ and ‘D’ peak modes respectively was recorded for
Verogray coated samples. With the introduction of nitrogen gas, for example, in the case of DLC/2, the
spectra intensities for both G and D peaks remained fairly similar to that of DLC/1 for Verogray, where
both peak band responses showed a positive shift in the Raman intensities from 1531 cm™ to 1533 cm-
! for the G peak and 1319 cm™ to 1320 cm for the D peak band respectively. However, for 3D ABS,
the spectra shift for the D peak was slightly intensified from 1320 cm™ to 1329 cm™. Tables 6-1 and 6-
2 show the summary Raman shifts intensities for all DLCs coated on both 3D ABS and Verogray. The
shift in both ‘D’ and ‘G’ bands corresponds to the changes in the film structure towards a more sp?
clustering C atom [249]. Menegazzo et al. [166], noted similarly a variation and decrease of the full
width at half maximum (FWHM) of the G-band upon the addition of nitrogen to a DLC structure. Figure
6-12, is indicative of the broadening feature band manifestation of the D-peak between 1100 cm™ and
1600 cm for DLC films incorporated with nitrogen flow during the deposition process. Schwan et al.
[276] and Stan et al. [260] both noted that this broadening feature observed between these wave limits is a

result of the manifestation of the presence of monocrystalline diamond-like cluster of sp3-C atomic bonding.

Table 6-1- Raman data showing ‘D’ and ‘G’ peak intensities for DLC films 1 to 5 produced using
MW-PECVD technique on 3D ABS.

D-peak G-peak
DLC/1 position position Io/l
1 1320 1533 0.43
2 1329 1534 0.33
3 1327 1534 0.31
4 1336 1537 0.17
5 1322 1531 0.28
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Figure 6-12- Raman spectra of DLC films grown at different nitrogen and acetylene gas flow
rates.

The position and width of both D and G band ratios also known as Ip/Ig ratio after spectra
deconvolution fitting of the integrated areas under both peaks provides a useful correlation between the
sp3 and sp? bonding ratios within the amorphous film [260, 277]. In both Table 6-1 and Table 6-2, the
calculated I /I ratios are presented. I /I ratios were calculated as a ratio of the D to G peak after
spectra fitting. A decrease in the Ip/I; was observed as the gas flow of nitrogen changes with that of
the acetylene gas flow rate suggesting an increase in the ordering of the sp? bonded graphitic domain.
However, for a higher sp3 content, the opposite is observed in the Iy /I ratio, which should be

noticeable in the form of a harder coating.

Table 6-2 - Raman data showing ‘D’ and ‘G’ peak intensities for DLC films 1 to 5 produced using
MW-PECVD technique on Verogray.

D-peak G-peak
DLC position position Io/l
1 1319 1531 0.27
2 1320 1533 0.28
3 1326 1534 0.20
4 1317 1536 0.13
5 1317 1532 0.33
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6.5.1 Correlation between coating hardness and Iy /I

To determine the accuracy of the I /I; ratio as a measurable quantification of the DLC coating film
hardness, a correlation of the hardness measured using nanoindentation and Ip /I ratio which is a measure
of the sp3/sp? bonding ratio [260] are presented. As shown in Table 6-1 and Table 6-2, increasing the
nitrogen gas flow rate from O to 10 sccm is shown to decrease the I, /I ratio for the nitrogen-doped DLC
with a corresponding increase in the DLC film hardness from 3 to 3.3 GPa for 3D ABS and 2.6 to 3.2 GPa
for Verogray samples (Figure 6-13). With a further increase in the nitrogen gas flow rate from 10 sccm to 20
sccm, a reduction in the I /1 ratios were recorded for the DLC/2 coating on both substrates. As further
detailed in Figure 6-13, the Iy /I ratio and hardness are weakly interrelated. Nevertheless, the correlation

suggests that the increase in coating hardness is a result of the increased sp? content of the film.

Although a greater number of authors have observed decreases in the stress release for most DLC films by
the incorporation of nitrogen, the observable mechanical hardness behaviour has shown a widespread

performance due to the sp3 and sp? cluster function [273].
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Figure 6-13- Correlation between Ip/lg and hardness.

Albeit, on the simple phase of increasing nitrogen flow into the deposition chamber, one would expect a
decrease in the mechanical hardness of the thin film [273, 249, 278], however, the reverse was observed when
the nitrogen gas flow rate was increased. Thus, further investigation of the coating to confirm doping and
quantification of nitrogen in the DLC film to be able to validate the relationship between the I, /I ratio and

the hardness were required.

6.6 X-ray photoelectron spectrum (XPS)

To validate the Ip/Ig ratio to hardness claim presented in the fore mentioned section (6.5.1), it was

necessary to perform an elemental composition analysis using XPS spectroscopy to determine the
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presence or otherwise of N1s within the DLC thin films and their binding state. Figure 6-14 shows the
percentage atomic concentration of both C1s and N1s binding states as a function of coating depth. In addition
to the surface scan, two different scans corresponding to coating depths of 10 nm and 100 nm were performed.
The atomic concentration of C1s was found to increase with depth until a maximum peak is attained at 100
nm. For DLC/1 and 2, this concentration was seen to be lower compared with DLC/3 and 4. Most importantly
is the N1s atomic percentage concentration plot shown in Figure 6-14 (b). It was observed that for both
DLC/1 and 2 films, the atomic concentration for N1s binding state was unchanged even at a higher flow
rate. The higher atomic percentage fraction observed in DLC/1 could only be possible due to the
precursor gas used for the deposition. Acetylene gas possesses enormous advantages over other
precursor gases utilised in plasma deposition such as benzene, butane and methane. Acetylene,
however, has high ionisation potential at low pressures, simple dissociation paths given C,H; off
mainly ions and less polymerisation [279]. However, one of the biggest disadvantages identified with
the use of acetylene is the possession of high nitrogen impurity content [102, 107]. Weiler et al. [280]
after depositing ta-C:H using acetylene gas noted a 4 % atomic N, content present within the acetylene
based DLC film which they attributed to impurities in the acetylene gas. By increasing the nitrogen gas
flow rate from 10sccm in DLC/1 to 20 sccm in DLC/2, significant changes in the percentage nitrogen
concentration were observed for DLC/3 film. This change was the lowest atomic concentration for N1s
in all the DLCs synthesized for this work. Even though internal stress reduction has always been
observed upon nitrogen incorporation in an amorphous DLC coating, its hardness has shown a
considerable spread in experimentally determined behaviour. Even though some authors have shown
stable mechanical hardness properties for nitrogen-doped DLCs [279, 281], different authors have
reported decreases in the mechanical hardness behaviour with increasing nitrogen incorporation in an
a-C:N:H film [102, 282]. Booktul et al. [253] noted that the doping of nitrogen in DLC film tends to
reduce the sp3 content and promote the clustering of sp® bonding sites, thus decreasing the mechanical
properties of the film. This means the hardness decreases with increasing nitrogen content as shown in
the Ip /I ratio versus hardness plot (Figure 6-13) [253, 279, 283].
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Figure 6-14- C1s and N1s atomic concentration as a function of depth for (a) Carbon and (b)
Nitrogen.

6.7 Summary

In this chapter, the coating structure and composition are assessed. A cross-sectional view through the
individual coatings showed a well bonded and uniformly distributed coating structure on the polymer
structure. An AFM surface scan for the uncoated substrate showed varying observable surface
irregularities with the most prominent feature being the presence of pit-like defect structures present on
the 3D ABS polymer surface. These observable surface defect structures were shown to remain
persistent on DLC/1 coated 3D ABS. However, in the case involving DLC/2 and DLC/3 coatings, a
more uniform surface structure with no observable pit-like surface defects were shown. The hardness
measure of the uncoated samples showed decreasing hardness profile with depth due to the complex
heterogeneity in the material properties due to factors such as friction, surface effect properties etc. The
highest coating hardness was observed for DLC/3 coatings deposited on 3D ABS. Raman analysis of
the individual coatings provided key quantification of the effect of nitrogen gas flow rates on the I /Ig

ratio in relation to coating hardness performance.
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Chapter 7

Results & Discussion: Friction and wear

7.1 Introduction

Friction and wear are important ingredients in material characterisation for the durability of engineered
parts using the Polyjet technique, however, little work has been accomplished in the characterisation of
such additively manufactured parts. By investigating their friction and wear response under varying
loads, the true sense of their tribological properties could be well understood. In this chapter, a
comprehensive study of the frictional and wear behaviour of photocurable Polyjet modelled parts
namely ABS-digital (3D ABS) and Verogray are investigated. The effect of surface finished defining
on both material surface roughness and print orientation on the wear and frictional behaviour for both
coated and uncoated substrates are studied. This study may be beneficial where sliding mating contact
between two surfaces composed of either polymer-on-polymer or a non-polymer-on-polymer are

involved.

7.2 Friction

7.2.1 Time frictional response for uncoated additively manufactured polymers

As detailed in the experimental methodology (Chapter 3), the friction tests were performed under
compressive loads in a reciprocating unidirectional plane parallel (X1-X2) and perpendicular (Y1-Y?>) to
the print orientation axis. All friction data presented are an average of three repeats as shown in
Appendix VI. From the individual imposed velocity and normal applied load, the coefficient of friction
(1) as a function of time has been computed. The time frictional response for both 3D ABS and

Verogray at constant applied normal loads of 1, 5 and 10N are shown in Figure 7-1.

On the macroscopic scale, the friction coefficient behaviour of both parallel and perpendicular
orientations shows varying friction responses. In Figure 7-1 (a) and (b), it can be observed that the
friction coefficient behaviour for 3D printed ABS show an extended running-in period for both parallel
and perpendicular orientations where in both cases the friction coefficient value increases with time
before reaching a steady-state value. At this stage the self-lubricating property of the polymer becomes

apparent. Sood et al. [170] in a similar study using FDM additively manufactured ABS part, identified
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a similar coefficient of friction response with time. They further noticed that the surface asperities of
the test samples contributed significantly to the initial variation and sudden increase in the coefficient
of friction value during the start of the test. However, as the surface asperities progressively become
plastically deformed and are removed from the contact surface, the variation in the coefficient of friction
becomes stable over time. Recent work by Wang et al. [284] also provides similar evidence in support
of this phenomenon for PTFE, PR, UHMWPE, and PEEK at a constant load of 10 N. By comparing the
frictional response for 3D ABS at different applied loads (Figure 7-1 (a) and (b)), it can be observed
that both parallel and perpendicular orientations showed progressively decreasing overall coefficient of
friction value with increasing load. The large fluctuations and drastic increase in the coefficient of
friction value with time as observed in Figure 7-1 (b) for the perpendicular orientation correlate with
the viscoelastic deformation of the surface asperities. For the perpendicular to print orientation
coefficient values, a maximum peak value of 1.48 was attained as against a reduced value 0.96 for the
parallel to print orientation at 1N. The running-in period where the lowest coefficient of friction value
is obtained is self-evident for both parallel and perpendicular orientations to the applied load wherein
in both cases, there is clear evidence of change in friction performance to material orientation. Similar
distinctions were observed in the case of Verogray material, however, the effect of surface anisotropy
was self-evident when a 1N load was applied perpendicular to the print orientation.

It was observed that by changing the surface orientation to the applied normal load from parallel to
perpendicular at 1N, the coefficient of friction value for both Verogray and 3D ABS were both altered
from 0.87 + 0.13 to 0.91 + 0.29 and 0.95 + 0.02 to 1.23 + 0.07 respectively. This shows a positive
correlation between surface texture density, surface roughness and frictional performance at lower loads
where plastic deformation is seen to play a dominant role in the CoF value as compared to a flat surface

where little or no resistance to motion is encountered.

It is a common phenomenon in polymer tribology to see a direct proportionality between frictional force
and applied load as defined by Amonton’s law of friction [147], however, at certain loads, this
proportionality breaks down [148]. For the 1N case, it was shown that the sequence of the coefficient
of friction evolution with time (as shown in Figure 7-1 (c) and (d) for Verogray produced a characteristic
delayed pattern followed by a sudden spike in the coefficient of friction value before reaching a steady-
state regime. This delayed phenomenon was highly pronounced within the first 10 mins of the test when
the orientation to applied load was perpendicular to the raster direction (Figure 7-1 (d)). Larsen [285]
has shown that a higher coefficient of friction may be observed as a result of stronger interfacial

adhesion or high elastic and plastic deformation of surface asperities.

At moderate loads of 0.02 to 1N, Larsen [285] again noted that the friction coefficient decreases with
increasing load as a result of the elastic deformation of surface asperities. Myshkin et al. [148], however,

explained that contrary to the elastic deformation of the surface asperities at lower loads, on the other
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side of the proportionality range lies the plastic deformation region where the coefficient of friction
increases with increasing load. This was further explained by Kragelskii [152], where he demonstrated
that at higher loads i.e. above 1N the friction coefficient passes the minimum elastic deformation point
into the plastic zone where the friction coefficient increases with increasing applied load.
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Figure 7-1- A comparative plot showing the variation of friction coefficient behaviour under
varying contact load and print orientation: (a) parallel to print for 3D ABS (b) perpendicular
to print orientation for 3D ABS (c) parallel to print orientation for 3D Verogray (d)
perpendicular to print orientation for 3D Verogray.

At higher loads (i.e. 5N and 10N), the gradual progressive response was seen to be less dominant in
both parallel and perpendicular print orientations for the VVerogray samples. 3D ABS, on the other hand,
showed a more pronounced and distinctive delayed separation CoF plot at 5 and 10N under parallel to
print orientation until a steady-state regime is attained. Both plots show a similar CoF value after 20
mins into the test. The phenomenon was less visible under perpendicular to print orientation where there
was no apparent distinction between the CoF value at 5 and 10N. Sooter and Tabor [149] observed that
at constant loads of 10 to 100N, the CoF value remain constant after the running-in period where for
instance in the case of polyvinyl chloride (PVC), the CoF was measured at 0.35-0.45. Similar

conclusions were made in a tribo contact between a 6.5 mm radius steel ball bearing, polyethylene (PE)
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and polyvinylchloride (PVC) under applied compressive loads from 2 to 15N [150, 286]. This suggests
that the applied load is sufficient to cause maximum plastic deformation of the surface asperities, thus
shifting the deformation mechanism from predominantly adhesive friction controlled to deformation
friction-controlled regime. Larsen [285] also showed a good correlation between the coefficient of
friction and interfacial adhesion resulting from high elastic and plastic deformation of surface asperities.

Thus, it is justified to conclude that because of the plastic deformation of the surface asperities at higher

loads (5 and 10N), the friction coefficient is independent of surface orientation but material bulk

property.

7.2.2 Time frictional response for DLC coated additively manufactured polymers

Similarly, the time-dependent frictional response for the coated polymers substrates was evaluated to
ascertain their performance under 1 and 5N loads in both parallel and perpendicular orientations to the
print direction. Three DLCs were tested, namely DLC/1, 2 and 3. Figure 7-2 shows the contact response
for both 3D ABS and Verogray substrates with respect to DLC/1 coating. Similarly, each experiment
was repeated thrice to ensure good repeatability of results. For the CoF response to both parallel and
perpendicular orientation plots for 3D ABS (Figure 7-2 (a) and (b)), the frictional response was seen to
be highly dependent on the orientation to the applied loads. For the perpendicular orientation at 1N
load, the running-in period showed a progressively increasing CoF response with irregular fluctuations
until a maximum peak was attained at 0.55. This was followed by a progressive drop in the CoF until a
stabilised regime is attained at around 0.37. In comparison with the parallel to print orientation shows
a more stable CoF regime throughout the test duration. From the 5N Load plot, it was evident that both
orientations showed similar CoF responses over the entire test duration. However, at the
commencement of the tests, it was shown that the CoF was uniformly stable and independent of time
until such a point where it begins to progressively increase to a stable maximum regime. For the
Verogray DLC/1 coated samples (Figure 7-1 (c) and (d)), the plots show a relatively uniform CoF
regime for both parallel and perpendicular orientations at 1 and 5N. However, at 1N the perpendicular

to print orientation plot showed a slight increase in the CoF trend which later become stable.

It was further observed that, by changing the coating structure from DLC/1 to DLC/2 (Figure 7-3), the
CoF response at 1 and 5N loads for 3D ABS in the perpendicular orientation followed a similar trend
with time. By changing the surface orientation from perpendicular to parallel, no significant differences
were observed between the CoF performance at 1 and 5N loads. Similar distinctions were observed in

the case for Verogray sample under both loads and surface orientations.

The DLC/3 frictional response for both coated 3D printed ABS and Verogray are presented also in
Figure 7-4.
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For the perpendicular to print orientation for 3D ABS, a progressively increasing CoF trend was
observed for both 1 and 5N plots where at 5N, a higher CoF response was observed. At 1N load,
however, the CoF response was seen to be progressively less dominant as compared to the applied load
at 5N. For the parallel orientation, similar trends were observed for the 5N load with less progressively
stable trend observed for the 1N load. In the case involving 3D coated Verogray, the CoF response for
both applied loads (1 and 5N) showed distinctive responses with time, where at 1N, the CoF was seen
to be fairly stable after an initial rise. This, however, was followed by a second peak rise in the CoF
trend until a stable regime was attained at about 0.6. A comparison with the 5N load shows a much
higher CoF response with an uninterrupted progressive rise in the CoF value. However, in comparison
with the parallel orientation plot, the CoF for the perpendicular orientation plot showed greater frictional

force instability, characterised by the unstable depiction in the CoF trend with time (Figure 7-4).
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Figure 7-2- A comparative plot showing the variation of friction coefficient behaviour under
varying contact load and print orientation for DLC/1 coated polymers: (a) parallel and (b)
perpendicular to print orientation for 3D printed ABS, (c) parallel and (d) perpendicular to
print orientation for 3D printed Verogray.
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Figure 7-3- A comparative plot showing the variation of friction coefficient behaviour under
varying contact load and print orientation for DLC/2 coated polymers: (a) parallel and (b)
perpendicular to print orientation for 3D printed ABS, (c) parallel and (d) perpendicular to
print orientation for 3D printed Verogray.
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Figure 7-4- A comparative plot showing the variation of friction coefficient behaviour under
varying contact load and print orientation for DLC/3 coated polymers: (a) parallel and (b)
perpendicular to print orientation for 3D printed ABS, (c) parallel and (d) perpendicular to print
orientation for 3D printed Verogray.

7.2.3 Steady-state friction response

The steady-state frictional response for both uncoated and coated substrates tests are summarised and
presented in Figure 7-5 and Figure 7-6. In this test, the steady-state was defined by the last 20 min of
the test where the CoF remained stable. For the uncoated 3D ABS, it was observed that the highest
frictional response was observed at 1N where the contact orientation was perpendicular to the applied
load. That notwithstanding, the parallel orientation to the applied load also showed a much higher CoF
response at 0.95 even though this value was ~26 % less than the CoF value recorded for the
perpendicular orientation. In the case of Verogray, similar trends were observed for both the parallel
and perpendicular orientations where the average CoF value observed were 0.93 and 1.01 respectively.
Other than in the case of 1N load, there were no significant changes observed in the CoF values under

both 5 and 10N loads for the parallel and perpendicular print orientation.

For the coated samples, the steady-state friction response is presented in Figure 7-6. The combined
effect of surface orientation and coating performance is made evident, where at 1N, DLC/1 coated 3D
ABS showed similar CoF performance regardless of the orientation to the applied load. However, the
opposite was observed for the parallel and perpendicular orientation where higher CoF values were
recorded for the Verogray material. It can be shown that by changing from DLC/1 to 2 and finally to
DLC/3, the CoF response increases progressively even under the same load regardless of the orientation.
Similarly, at higher loads of 5N, the CoF increases as the DLC coated samples change from 1 to 3. By
comparing the performances of both coated samples under 1N load, it can be concluded that the
Verogray samples on average performed better at all levels in comparison with their 3D ABS coated

counterparts. Similarly, the same could be said for Verogray at 5N for all DLC coated samples.
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By comparing the frictional performance of both coated and uncoated samples at 1 and 5N loads, it is
evident that the effect of surface coating provided a significant reduction in the CoF values for all coated
samples regardless of both orientations and applied load. However, for the uncoated and coated 3D
ABS samples, variations were observed in the CoF performance at 1N. Under the uncoated regime of
IN load, the average CoF for both parallel and perpendicular orientations were 0.95 and 1.2
respectively. For the DLC/1, 2 and 3 coated samples, the parallel and perpendicular orientations
recorded a 0.43 and 0.44 average CoF value for DLC/1, 0.52 and 0.55 for DLC/2, and 0.67 and 0.63
for DLC/3 respectively. At 5N load, both the parallel and perpendicular orientations showed 0.85 and
0.88 CoF values respectively as compared to 0.67 and 0.60 for DLC1, 0.60 and 0.68 for DLC 2, and
0.76 and 0.77 for DLC/3 respectively for 3D ABS.
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Figure 7-5- Steady-state summary result showing the coefficient of friction result for the
uncoated 3D printed (a) ABS and (b) Verogray.

For the Verogray uncoated samples at 1N load, the CoF for both parallel and perpendicular orientations
were 0.93 and 1.06 respectively. However, for the same load, the coated samples showed a reduced
CoF value in both orientations as shown in Figure 7-6. For both parallel and perpendicular orientations,
the corresponding average CoF for DLC/1, 2 and 3 coatings were 0.37 and 0.52, 0.44 and 0.44, and
0.60 and 0.55 respectively (Figure 7-6). For the 5N load, the CoF values for the uncoated samples were
0.76 and 0.79 for the parallel and perpendicular orientations. Correspondingly, the DLC coated samples
for DLC/1 showed 0.37 and 0.35 CoF values for both parallel and perpendicular orientations. A 0.5 and
0.55 CoF values were recorded for DLC/2 whilst DLC/3 recorded a 0.73 and 0.61 CoF value for both
parallel and perpendicular orientations to the applied load.
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It can be observed that, in all cases of the test, the role of coating thickness and resistance to mechanical
damage under both tensile and shear stress cannot be underrated and their contribution in effecting
tribological changes is key in the performance of the coated 3D samples.
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Figure 7-6- Steady-state summary result showing the coefficient of friction results for the
coated 3D printed (a) ABS and (b) Verogray.

7.2.4 Wear analysis and mechanism

The wear of polymers may be variously characterised and quantitatively defined based on the volume
and mass loss in a tribological contact. The sequence of events leading to surface debris generation as
a consequence of both mechanical and contact fatigue stress encourages surface deformation in the
contact area. From Figure 7-7, it was observed that the wear resistance of both 3D printed polymers
understudy was greatly dependent on the surface orientation at which the contact load was applied. For
all applied loads the surface orientation effect on debris generation is self-evident. However, it was
observed that the level of wear generation is not only dependent on the surface orientation but also the
bulk material property resistance to deformation. 3D ABS under 1N showed better resistance to wear
in comparison with Verogray in all orientations. However, at higher loads of 10N, the reverse
phenomenon of wear generation is observed for all print orientations where Verogray demonstrated
higher resistance to wear than the 3D ABS counterpart. At 5N load, the highest resistance to wear for
Verogray was observed when the parallel orientation was used rather than the perpendicular. Both 3D
ABS and Verogray showed relatively similar material loss and specific wear rate values even though

the later showed slightly higher resilience to wear.

Similarly, the specific wear rates of both coated 3D ABS and Verogray are summarized in Figure 7-8.
In all cases involving the 1N load, no specific wear volume data were obtained as a result of the coatings

resilience to deformation at the applied load of 1N. However, at 5N, the deformation at the contact area
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is self-evident in the plot describing the different coated materials under both parallel and perpendicular
orientations to the applied load. It was observed that at a constant load of 5N in all cases, the parallel
orientation encourages greater wear generation in comparison with perpendicular orientation. For the
parallel orientation, DLC coated Verogray samples exhibited the highest resistance to wear in
comparison with the coated ABS sample. By way of comparison with all the DLCs examined, DLC/2
coated Verogray on average demonstrated higher resistance to wear followed up by DLC/1 and DLC/3
for the parallel orientation. Similarly, for the 3D ABS coated substrate, the highest resistance to wear
was observed for the DLC/2 coated substrate followed by DLC/1 and DLC/3.
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Figure 7-7- Specific wear rate at 1, 5 and 10N for (a) 3D ABS (b) Verogray.

The morphological study of the wear scar for both 3D ABS and Verogray uncoated surfaces are
presented in Figure 7-9 to Figure 7-12. Figure 7-9 and Figure 7-10 compares the SEM images of the
wear scars of both parallel and perpendicular orientations to the applied loads respectively. It can be
observed that at lower loads, the most prominent surface deformation was due to the overlapping
compaction effect of the individual raster surface features. Dawoud et al. [83] observed a similar
phenomenon when they tested fused deposited ABS polymers under a 35N load for 60 mins at 8.4m/s.
Even though different loads were applied in both cases, the deformation pattern and trend observed
were very similar. Further, increase in load from 1 to 5N show a transition from a more layer compacted
layer regime to a mixed regime characterised by layer detachment and compaction for both parallel and
perpendicular orientations. As noticed from both Figure 7-9 (c) and Figure 7-10 (c) under an applied
load of 10N, there is a further increase in surface layer detachment resulting from both abrasive and
adhesive wear damage. Additionally, further inspection of the worn surface indicated severe plastic

deformation.
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Figure 7-8- Specific wear rate of DLC coated 3D printed (a) ABS (b) Verogray at 5N load.

Further analysis of the 3D printed Verogray sample showed varying surface deformation patterns
characterised by irrevocable changes, giving rise to the initiation and development of surface crack. A
phenomenon termed friction fatigue [148]. At 1N load it was observed that Verogray showed varying
surface deformation when the applied load is parallel to the print orientation. The loss of polymer
material from the dry contact between the steel counterpart surface and polymer owing to friction
fatigue is mostly termed fatigue wear [148]. As observed in Figure 7-12 (a) the special wave-like
deformation phenomenon created as a result of the compressive deformation and subsequent buckling
giving rise to layer detachment can be observed on the worn surface of Verogray similar to the well-
known Schallamach pattern [287]. At higher loads, the deformation caused as a result of friction fatigue
is highly intensified in both parallel and perpendicular to print orientations leading to further layer
detachment in the case of applied load parallel to the print orientation. The initiation of extensive crack
formation on Verogray sample is visible at 10N applied load perpendicular to the print orientation of

the test sample.

The morphological study of the wear scar for both coated 3D ABS and Verogray for the three individual
DLCs are presented in Figure 7-13 to Figure 7-18. Figure 7-13 and Figure 7-14 compares the surface
deformation regime of the 1N load for both coated 3D ABS and Verogray for DLC/1. Further SEM
images are shown in Appendix IV describing the surface deformation regimes and wear scars of the
individual DLC coatings. It can be observed that in the case of 3D ABS, severe coating damage
characterised by irregular fracturing along the wear track are observed for both orientations to the

applied load of 1N.
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20KV Mag = 200X
Figure 7-9- SEM images of 3D-printed ABS showing the influence of polymer print orientation on wear
under dry reciprocating sliding condition oriented parallel to the sliding direction at varying applied load
for (a) AN (b) 5N (c) 10N.

20 KV Mag =200 X 20 KV Mag =200 X

Figure 7-10- SEM images of 3D-printed ABS showing the influence of polymer print orientation on wear
under dry reciprocating sliding condition oriented perpendicular to the sliding direction at varying applied

load for (a) IN (b) 5N (c) 10N
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Figure 7-11- SEM images of 3D-printed Verogray showing fatigue damage under dry reciprocating sliding
condition oriented parallel to the sliding direction at varying applied load for (a) 1N (b) 5N (c) 10N.
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Figure 7-12- SEM images of 3D-printed Verogray showing the influence of polymer print orientation on
wear under dry reciprocating sliding condition oriented perpendicular to the sliding direction at varying

applied load for (a) 1N (b) 5N (c) 10N.
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However, for the same coating deposited on 3D Verogray, no visible coating fracture failure was
observed. It was further noted that several localised nucleation of decohesive areas causing spallation
of the coating at the interface between the coating and substrate had developed. The most visible wear
mechanism dominating the surface was sliding abrasion as a result of the solid-solid frictional
interaction between the two surfaces. For the coated samples of DLC/2 and 3, similar deformation
mechanisms were observed, however, the extent of deformation was observed to be pronounced in
DLC/2 followed up by DLC/3 where in the latter, significant coating damage is observed. These shifts

in coating response to deformation at 1N for all DLCs could be attributed to the better adhesion observed

for the DLC-Verogray interaction compared to the 3D ABS, surface hardness and coating thickness.

Figure7-13- DLC/1 coated ABS substrate showing the deformation on (a) parallel (b)
perpendicular orientation to the applied load of 1N.

SRR - S

Figure7-14- DLC/1 coated Verogray substrate showing the deformation on (c) parallel (d)
perpendicular orientation to the applied load of 1N.

By considering the wear response for both 3D ABS and Verogray samples, the orientation of the test
surfaces along (parallel) and across (perpendicular) the applied load of 5N is shown in Figure 7-15 to
Figure 7-18. As noticed from both Figure 7-15 and Figure 7-16 for all DLC coating types under 5N
load for 3D ABS, it can be seen that there is an increasing trend in the plastic deformation of both
coating and polymer where the resistance to both abrasive and adhesive damage is intensified as one
moves from DLC/1 through to 3. At a similar load at 5N, the performance of VVerogray sample as shown
in Figure 7-17 and Figure 7-18 exhibits a more robust coating structure in all orientations when
compared with the 3D ABS substrates. For both parallel and perpendicular orientations for DLC/1
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(Figure 7-17 (a) and Figure 7-18 (a)), the primary observable feature defining the wear track is the
presence of abrasive wear marks resulting from the dry solid-solid interaction. By changing from DLC/1
to DLC/2 coating, a brittle delamination mode is observed with spallation extending over the side of
the wear track for the parallel orientation (Figure 7-17 (b)). When considering the perpendicular to print
orientation, the deformation regime as observed in Figure 7-18 (b) is more pronounced and
characterised by a combination of abrasive and fatigue wear leading to spallation of the coating. The
complete removal of coating along the wear tracks under intense abrasion from the polymer-coating
interface is made evident in Figure 7-17 (c) and Figure 7-18 (b) for DLC/3. In comparison, the parallel
orientation was seen to promote excessive wear as the surface provided minimal resistance to

deformation during the solid-solid contact in the dry reciprocating tribo contact.

Figure 7-15- Wear track showing coating damage on 3D ABS for (a) DLC/1 (b) DLC/2 (c) DLC/3
for dry reciprocating sliding at 5N load for parallel orientation. Red arrow shows the sliding
direction

Figure 7-16- Wear track showing coating damage on 3D ABS for (a) DLC/1 (b) DLC/2 (c) DLC/3
for dry reciprocating sliding at 5N load for perpendicular orientation. Red arrow shows the
sliding direction.
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Figure 7-17- Wear track showing coating performance on Verogray for (a) DLC/1 (b) DLC/2 (c)
DLC/3 for dry reciprocating sliding at 5N load for parallel orientation. The red arrow shows the
sliding direction.

Figure 7-18- Wear track showing coating performance on Verogray for (a) DLC/1 (b) DLC/2 (c)
DLC/3 for dry reciprocating sliding at 5N load for parallel orientation. The red arrow shows the
sliding direction.

7.2 Summary

In this chapter, the tribological performance of both coated and uncoated substrates are accessed under
parallel and perpendicular orientations to applied loads of 1, 5 and 10N. The evolution of friction
coefficient over time shows the varying response for all the different cases of loading and orientation
for both 3D printed materials tested. For the two print orientations tested, the frictional performance
was strongly reliant on the surface finishing properties. Other than in the case of 1N load, there were
no significant changes observed in the coefficient of friction value under both 5 and 10N loads for the
parallel and perpendicular orientations, being in these occasions the friction dominated by the bulk
properties of the materials involved in the contact for the uncoated polymers. For the coated sample,
the frictional performance for both orientations was seen to be significantly lower than their uncoated
counterpart at 1N load, with DLC/1 showing the least CoF response compared with both DLC/2 and
DLC/3 due to the ductile nature of the coating. As the load increases to 5N, a higher CoF response is
observed for all coated samples with the highest observed for DLC/3. Similarly, it was observed that
the wear resistance of both 3D printed polymers was very dependent on the surface orientation at which
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the contact load was applied. 3D printed ABS under 1N showed better resistance to wear in comparison
with Verogray in all print orientations. At higher loads of 10N, the reverse phenomenon of wear
generation is observed for all print orientations where 3D Verogray demonstrate higher resistance to
wear than the 3D ABS for the uncoated surface. By investigating the results of the wear performance
in relation to their coating structure and orientation, it was seen that even though no coating removal
was observed for both polymers at 1N load, excessive localised surface deformation in the form of
tensile cracking was seen along with the wear scare for both surface orientations in the case of for 3D
ABS. For the Verogray sample, the deformation regime characterising the wear scar was dominated by
the presence of abrasive wear. At 5N load, it was observed that as the coating transitions from a ductile
to a more brittle like coating structure, the trend in plastic deformation intensifies. It was further shown
that for both orientations studied under 1 and 5N, the parallel orientation promoted excessive wear as a
result of the minimal surface resistance during the solid-solid tribo-contact. In future, the role of
adhesive layer transfer onto counter steel surfaces in defining the tribological regime could be explored
further.
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Chapter 8

Results & Discussion: Barrier and water absorption function

8.1 Introduction

The barrier and protective function of DLC coatings can be quantitatively measured by determining the
water vapour transmission rate (WVTR) and absorption properties of the coated substrate material. This
functionality is achieved through the quantitative measure of the steady-state rate function at which
water vapour molecules pass through the sample per unit area at a pre-determined time, usually
measured in gm/m2-day or absorbed at equilibrium. Currently, there is no reported literature on the
deposition of amorphous DLC coatings on AM polymers to provide barrier functionality for specific
household and industrial applications. This work studies the advantageous combination of Polyjet AM
parts (3D ABS and Verogray) with the particulate structural properties of a single layer amorphous
DLC film to improve the water vapour barrier function of the underlying AM substrate. Further studies
of the water vapour transmissivity and absorption functions of the textured surfaces (Chapter 3) are also
studied.

8.2 WVTR of barrier films

By using the standard MOCON PERMATRAN-W model 3/33 equipment, the WVTR function of the
DLC coated substrates and uncoated substrate (pristine textured and untextured) are assessed according
to ASTM F1249 standards. Chapter 3 provide a detailed design description of the methodology utilised

in this work.

8.2.1 Effect of nitrogen gas flow rate on the WVTR function

In this study, two DLC films with varying nitrogen ratios were deposited on both substrates. The effect
of nitrogen gas flow rate at 0 and 20 sccm (represented by DLC/1 and DLC/3 respectively) on the
coating barrier performance is shown in Figure 8-1. The WVTR function curve for both uncoated (P/0)
and coated samples versus time are also detailed. For the 3D ABS plot, it was observed that the WVTR
function increases sharply with time before reaching a steady-state peak where the maximum limit is

attained for all coated and uncoated samples. As expected, the maximum WV TR function was observed
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for the uncoated 3D ABS with an average WVTR of 73.31 gm/m2-day. It was found that the DLC/1
and DLC/3 films provided improved barrier functions at 55.68 and 61.51 gm/m?-day (Figure 8-1)
corresponding to a 24 and ~16% reduction in the WVTR function. This could be partly due to the role
film thickness play in the reduction of WVTR by increasing the migration path through which water
molecules migrate before reaching the detector. Ray et al. [126] noted that thicker a-C:H films provide
a better barrier option for water vapour and oxygen transmission function but cautioned that after a

certain thickness, adhesion becomes poor and so does WVTR.

The increased WVTR function for the Verogray pristine sample can be seen when compared with both
coated samples as shown in Figure 8-1 and Figure 8-2. The rate determined transmissivity of water
vapour through both coated and uncoated substrates show the general trend observed for most uncoated
substrates where higher transmissivity of water vapour is observed compared with their coated
counterpart. At steady state, the uncoated pristine Verogray is seen to have the highest WVTR of 28.8
gm/m?2-day. For both samples coated with DLC/1 and DLC/3 for Verogray, a WVTR of 11.25 and 8.5
gm/m?2-day was measured (Figure 8-2). This corresponds to a 60 and ~70.4 % reduction in the WVTR
function respectively. This decreased trend observed for both coated Verogray samples could be
attributed to the robustness of the DLC structure present on the Verogray substrate. The surface
morphology study reported in Chapter 6 shows that Verogray samples possess improved nucleation
compared with 3D ABS and as a result, provide a limited pathway or defect structure through which
water vapour could penetrate. The MICP pore analysis show for both uncoated polymers, the main
driving force contributing to the increase in the WVTR was the presence of higher porosity and pore
size distribution function present within the 3D ABS bulk, thus providing greater access for water
vapour transmissivity. The variation in the surface morphology as described by the AFM surface scan

(Chapter 6) show greater detail in material property and pore structure variation in both polymers.
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Figure 8-1- MOCON WVTR rate curve showing the WVTR function with time for both 3D
printed ABS and Verogray.
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Figure 8-2- A comparative plot showing the average WVTR rate function for both 3D ABS and
Verogray.

8.2.2 Surface texturing effect on the WVTR

8.2.2.1 Uncoated additively manufactured polymers

This test presents a single MOCON rate curve showing the effect of surface texturing on the WVTR
function for both 3D ABS and Verogray (Figure 8-3). From both plots as presented in Figure 8-3, the
WVTR function with time is shown to be dependent on the surface texturing used. The use of textured
surfaces in comparison with the untextured substrate simplifies the comparison between both substrates
pre-deposition and shows the obvious variation with WVTR as a function of time wherein all cases,
different WVTR was observed. Textured substrates A and B for 3D ABS showed the highest WVT at
91.56 and 77.7 gm/m2-day respectively with the lowest rate recorded for the untextured substrate at
73.32 gm/m?-day. It was similarly noted for the Verogray sample that, both textured A and B substrates
showed higher WVTR at 36.89 and 39.31 gm/m?-day in comparison with a 28.68 gm/m?3-day for the
pristine Verogray sample. As the number of repeats conducted equals 2, the use of predictive models to
provide statistical interpretation for the data presented may become inadequate, however, one could
conclude that, for both textured surfaces for Verogray, no significant differences were observed for
their WVTR. However, this was not the case when 3D ABS is considered. Even though there is a
marginal increase in the WVTR of ~7 % for using textured B instead of the untextured surface for
Verogray, the greatest rise in the WVTR was observed for textured A for 3D ABS which stood at ~20

% in comparison with the pristine untextured surface.
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Figure 8-3- MOCON WVTR rate curve showing the WVTR function with time for both 3D
printed ABS and Verogray for textured surface A and B.
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Figure 8-4- A comparative plot showing the average WVTR rate function for both ABS and
Verogray.

8.2.2.2 Coated additive manufactured polymers

The WVTR function of the individual coated samples is assessed to determine the role surface feature
(s) play in the permeation of water vapour through 3D printed polymers. In this study, both textured
substrates (A and B) for 3D ABS and Verogray are coated and discussed. With both substrates coated
with DLC/2 (C,H,= 610 sccm, N,= 10 sccm) and DLC/5 (C,H,= 310 sccm, N,= 20 sccm) the
individual WVTR function is assessed. The two sets of coatings were chosen to study the limitations
for each of the textured samples when coated with DLC/2 and DLC/5. In Figure 8-5the WVTR function
for 3D ABS is presented. The individual rate function plots for both DLC/2 and DL/5 coatings are also

shown in Figure 8-5 (a) and (b) respectively for surface texturing types A and B having an aspect ratio
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(width: height) of 3.5:1 and 7:1 respectively. It can be noted that DLC/2 coating on both textured
substrates for 3D ABS showed a similar linearity trend until a steady-state regime is attained. For all
cases involving both coated substrates, the WVTR was shown to increase linearly with time until a
maximum steady-state regime is attained. For both textured substrates A and B shown in Figure 8-5 (a)
for 3D ABS, an average rate of 77.87 and 36.12 gm/m?-day were obtained. Similarly, both textured
substrates A and B for DLC/5 coating are shown in Figure 8-5 (b), where the average WVTR for both
textured surfaces A and B were 82.68 and 69.83 gm/m?2-day. In terms of the percentage change in the
WVTR between the two coatings, it was seen that DLC/2 provided a 53.61 % reduction in the WVTR
function compared with a 15.54 % in DLC/5 coatings when the two textured surfaces are compared.
This was thought to be a result of the total area of exposure for WVTR. As more surface area is exposed
for contact, one would expect a higher rate of transmissivity across the test film. Hashmi [288] noted
that increasing surface area is the most obvious trend for increasing gas permeation performance

through a porous nanostructure.

Similarly, the WVTR function tests for 3D Verogray samples have been studied (Figure 8-6 (a)). The
WVTR function for the DLC/2 coated and textured substrates A and B were 20.61 and 15.45 gm/m?-
day respectively. For similarly textured surfaces as shown in Figure 8-6 (b), the WVTR function curve
was again seen to be highly reliant on the surface features present. For the same coating type deposited
(i.e. DLC/5), it can be shown that by using textured A instead of B, the WV TR was reduced by as much
as 49 %. However, a comparison between both DLC/2 and DLC/5 coated samples for Verogray with
similar textured surface features exhibited different barrier properties. For textured A samples, it was
seen that by switching from DLC/2 to DLC/5, there was a 19.3 % reduction in the WVTR performance.
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Figure 8-5- A comparative plot showing the effect of surface texturing on the WVTR function of
3D printed ABS polymer for (a) DLC/2 and (b) DLC/5.
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Figure 8-6- A comparative plot showing the effect of surface texturing on the WVTR function of
3D printed Verogray polymer for (a) DLC/2 and (b) DLC/5.

Nevertheless, as we consider the performance of both textured B surfaces for the DLC/2 and DLC/5
coating, it was seen that the WVTR performance increased by as much as 52 %. A comparison between
the textured uncoated (P/0%) and textured coated samples show the variation in performance of the two
surfaces under consideration. From Figure 8-7, it can be deduced that the introduction of surface
texturing on both 3D ABS and Verogray provide some level of change in the WVTR function in
comparison with the pristine non-textured surfaces shown in Figure 8-1 and Figure 8-2, where an
average WVTR of 73.31 and 28.8gm/m?-day were recorded for 3D ABS and Verogray respectively.
This in comparison with both textured uncoated surfaces for 3D ABS and Verogray shows an increase
in the WVTR function for all substrates studied. It can be concluded that the use of surface texturing
has a positive effect on the WVTR function. The introduction of DLC coating on both textured surfaces
for 3D ABS and Verogray, on the other hand, has shown varying degree of barrier responses where in
all cases the WVT is lowered. For both DLC/2 and DLC/3 coated samples, it was observed that the
highest WVTR reduction was achieved in the case of textured B DLC/2 coated substrates for both cases
involving Verogray and 3D ABS. The highest reduction of 65 % compared to 53 % was recorded for
Verogray and 3D ABS textured B substrates. Even though a similar reduction of ~53 % was recorded
for textured A Verogray substrate coated with DLC/5, the average WVTR for the remaining coated
substrates was 10.9 % compared with an average of 54 % reduction in the WV TR function for samples

coated with DLC/2.
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Figure 8-7- A comparative plot showing the change in WVTR for textured surface A and B
deposited with DLC/2 and DLC/5 on 3D ABS (a) and Verogray (b).

8.2.2.3 Effect of acetylene gas flow ratio on the WV TR function

The observed WVTR function plots with time for DLC/3 and DLC/5 are shown in Figure 8-8 where
the performance of the two individual coatings are assessed on textured B substrates as detailed in
Chapter 3 for both 3D ABS and Verogray. Figure 8-8 (a) shows the water rate function curve for the
water vapour transmissivity through 3D ABS at steady state using DLC/3 and DLC/5 coating. At a
steady-state, the rate function for the water vapour transmissivity was ~70 gm/m2-day for DLC/5. In
comparison with the DLC/3 plot, it was observed that the level of water vapour transmissivity is much
reduced when 3D ABS are coated with DLC/3. At steady state, the average WVTR for the coated 3D
ABS was 18.4 gm/m2-day. This accounted for a ~74 % reduction in the WV TR even though DLC/3 had
a much thicker coating of 1.26 um compared with DLC/5 coating of 0.55 um.

The WVTR function of the Verogray coated samples are shown in Figure 8-8 (b) wherein in both plots,
similar permeation trends are observed. However, due to the pore size restriction to flow of permeants
through the micro and nanopore structures of the polymer matrix with the added advantage of a
protective DLC coating, lower WVTR was observed as a result. For the DLC/3 coated sample, the

average WVTR was 5.7 gm/m?-day compared with 32.34 gm/m?-day recorded for DLC/5.
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Figure 8-8- A comparative plot showing the WVTR function with time for both 3D ABS (a) and
Verogray (b) coated with DLC/3 and DLC/5.

8.3 Dynamic water vapour sorption (DVS)

8.3.1 Water sorption at constant temperature and relative humidity

A comparative saturation water vapour sorption curve at a constant temperature of 25 °C and RH of 80
% is presented in Figure 8-9 (a) for all uncoated samples. As can be seen, very different water uptake
patterns were observed for all samples studied. As it is expected from the pore size distribution curve
and porosity measurements from the MICP test detailed in Chapter 4, 3D ABS in response to its higher
porosity value of 7.7 % as against a 6.6 % for Verogray will have a much higher water vapour sorbed
in comparison with Verogray and ABS moulded. The total moisture sorbed per mg sample tested also
showed a similar trend with 3D ABS having the highest water vapour sorbed in comparison with both
Verogray and moulded ABS (Figure 8-9 (b)). The moisture sorption properties of all coatings at
constant temperature and relative humidity are similarly assessed to understand the limitations of their
saturation water sorption properties at equilibrium. Figure 8-10 also shows a summary plot of the
individual sample plot performance. It was observed that as the coating on the polymer surface changes,
the rate and total water vapour sorbed changes in response. The biggest decline was observed for 3D
ABS samples whereby introducing a protective DLC coating layer, the total amount of water sorbed
decreases until a minimum is achieved for DLC/3. For both Verogray and moulded ABS, the
comparative plot shows a relatively well distribution of data points corresponding to the individual total
water vapour sorbed at 25 °C and 80 % RH for the individual coatings. For all 3D ABS samples coated
in Figure 8-10, DLC/3 provided the lowest water vapour sorbed, however, this reduction remained high

in comparison with both Verogray and moulded ABS. For both Verogray and ABS moulded samples,
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similar trends were observed in the sorption function, however, lower water sorption values were

obtained for moulded ABS as a consequence.
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Figure 8-9- (a) Sorption isotherm plot for uncoated 3d printed ABS, Verogray and moulded
ABS showing the percentage mass change with time. (b) Total average moisture absorbed (mg)
per mg sample mass (mg).
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Figure 8-10- Summary plot showing the individual total gravimetric water sorbed for both
coated and uncoated polymers analysed using the Dynamic Vapour Sorption at 25 °C and 80 %
RH.

8.3.2 Temperature dependence water vapour sorption properties

Based on the moisture isotherm plot of the absorption-desorption curve and temperature at varying RH,
the dynamic vapour sorption method was used to characterize both the coated and uncoated polymer
samples. Full cycle moisture sorption isotherm of individual samples (coated and uncoated) from 0 to

90 % at temperatures of 25 °C and 40 °C are presented in Figure 8-11, Figure 8-12 and Appendix V. In
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Figure 8-11 the adsorption and desorption isotherm plots for the uncoated samples are presented. At 25
°C, it can be noticed that the level of water uptake was gradual in all cases for both substrates. In the
case shown in Figure 8-11, bulk sorption becomes very dominant for 3D ABS after 20 % P/Po followed
up by a sharp water uptake until a maximum is attained at 90 % P/Po. However, Verogray and moulded
ABS both show slower water uptake for all P/Po exposures. The total amount of water sorbed is
characteristic of the desorption curve and in all cases involving the individual polymers show a
reversible isotherm where both sorption and desorption lines converge at the origin. At 40 °C, the
isotherm plots for both sorption and desorption lines showed an increasing shift in the total moisture
sorbed at each P/Po, as the amount of moisture absorbed by a polymer is highly dependent on the
temperature, relative humidity and chemical composition of the material [289]. In general, the water
activity changes with temperature and as a result, properties such as barrier and material strength are
compromised. It is well known that water activity usually increases with temperature and pressure
increase, as described by an Arrhenius-type equation [290, 291]. For the 3D ABS sample, it was shown
that both equilibrium plots showing the sorption and desorption plots were reversible and similar
observations were seen for the moulded ABS. However, for the Verogray sample, the hysteresis gap
between the sorption and desorption plot shows an irreversible state where moisture is firmly held into
the polymer structure even after the desorption phase.

The hysteresis plots describing the difference in the total moisture adsorbed between the sorption and
desorption isotherms for both coated and uncoated samples are shown in Figure 8-13 to Figure 8-15.
For the 3D ABS hysteresis plot shown for both 25 °C and 40 °C (Figure 8-13), the percentage of water
vapour isotherm hysteresis increases as the test temperature increases. It could be observed that at 25
°C, there is an increasing upward shift in the total moisture adsorbed by the coated 3D ABS. The highest
was seen for the DLC/2 coated substrates. A similar observation was made at 40 °C where the highest
hysteresis was observed at 60 % P/Po with a 0.38 % water sorbed compared to 0.26 % at similar P/Po
for the 25 °C. For the 3D Verogray sample at 25 °C, cluster isotherm plots of less than 0.1 % were
observed for all coated substrates with the highest sorption P/Po occurring at 0.078 %. Bley et al. [292]
noted that these characteristic kinetic changes resulting in the increased water uptake could be attributed
to the change in the hydrophilicity and swelling capacities of the polymer as multilayers are formed on
the substrate. As a result, the heat of liquefaction becomes greater than the heat of absorption of the first
monolayer where typically condensation and cluster formation dominate at the surface rather than to
the bulk material. The moulded ABS, on the other hand, showed similar characteristics to the Verogray
at 25 °C and 40 °C but with fewer data spread and peak height isotherm jump at each corresponding
P/Po (Figure 8-11).
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Figure 8-11- Typical isotherm plot for uncoated 3D ABS, Verogray and moulded ABS showing
both sorption and desorption curves at 25 °C and 40 °C.
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Figure 8-14- Hysteresis of the isotherm plot for Verogray at (c) 25°C and (d) 40 °C.
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Figure 8-15- Hysteresis of the isotherm plot for moulded ABS (e) 25 °C and (f) 40 °C.

8.4 Summary

In this chapter, the correlation between the polymer and coating properties on the water barrier
performance has been studied. The WVTR function for the uncoated polymers showed a highly
permeable 3D ABS film with an average WVTR of 73.31gm/m?2-day as opposed to 28.8gm/m?/-day for
Verogray. The detected porosity and pore size distribution function from the MICP analysis confirms
these findings as well as the AFM study, where 3D ABS was shown to possess higher porosity than its
Verogary counterpart [293]. In literature, the best WVTR reported for pristine uncoated polymers are
the PET films with a WVTR of 0.1 — 2 g/m?-day [294]. However, it is important to note that these
polymers (moulded or extruded polymers) perform differently due to their unique properties. They
possess different chemistry [23] and their process of manufacturing differs from AM processes. As

several studies have been conducted in the past to understand the WVTR limitations for moulded or
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extruded polymer-based material, but, none accomplished in the study of AM parts, this work, therefore,

seeks to originate the study of these materials for engineering applications.

The MOCON permeation test was further utilised to determine if the influence of nitrogen gas flow
would affect the WVTR function of DLC films deposited on both 3D ABS and Verogray samples. In
this study, both DLC/1 and DLC/3 films were studied. Data from the test showed an improvement in
barrier performance for both coated 3D substrates as a result of the film thickness and improved
nucleation of the DLC film on the individual substrates. Further tests using textured coated surfaces
were compared to both untextured and pristine uncoated substrates to understand the limitations of
aspect ratio on the barrier performance of both 3D ABS and Verogray substrates. A comparison between
both textures and untextured surfaces for the uncoated polymers show higher water transmissivity for
all cases involving the textured surface. However, with the introduction of DLC coating on the textured
surfaces studied, varying degrees of barrier responses were achieved, wherein in all cases, the WVTR
was lowered in comparison with their uncoated counterpart. The effect of C,H, gas flow ratio on the

WVTR function show a highly pervious coating structure when the C,H, gas flow is increased.

Even though the lowest WVTR of 0.5 - 3.7 g/m?-day has been reported in the literature for a Si-DLC
coating [315], the use of the MW-PECVD technique for depositing N-doped DLC under 40 °C may
provide an additional tool for exploring DLC coating for improving coating performance.

The water absorption properties using dynamic vapour sorption showed characteristic variation in the
sorption properties for both coated and uncoated samples under constant and varying temperatures at a
set humidity exposure. It was observed that at a constant temperature, bulk sorption become very
dominant for 3D ABS after 20 % P/P, (relative humidity), whilst that of Verogray was seen to be
gradual. It was further revealed that at higher temperatures, the rate of sorption increases as the P/P,

increases.
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Chapter 9

General Discussion

9.1 Introduction

In this chapter, the experimental result sections are discussed, highlighting the key findings, and how
they compared with literature. The novelty of this work brings to the realization of the complex
interaction between additively manufactured polymers and DLC coatings in the creation of robust

functional surfaces for applied applications.

This work has explored the viability of using plasma-enhanced technology, more specifically MW-
PECVD in the synthesis and deposition of a:C:N:H DLC coating unto 3D printed polymers
manufactured using photocurable resins. Two photocurable polymer types namely, 3D ABS and
Verogray have been successfully coated and characterised using DLC coating. By this technique, the
advantage of generating microwave-assisted plasma and their sustainability thereof without using
substrate biasing in the creating of uniform and functional coating at temperatures below 45 °C is made
possible.

The polymers 3D ABS and Verogray, produced using Polyjet additive manufacturing technologies have
been fully characterised to understand their performance limitations in terms of their thermal,
mechanical, structural chemistry etc., and their suitability for coating using MW-PECVD systems. Post
coating assessment of the coating towards more specific mechanical and physical functional

applications to increase material robustness for specific project applications are discussed.

The thesis focuses on three key areas namely, sample preparation and characterisation, DLC coating
and deposition, and coating assessment and performance analysis. Wherein the former, the additively
manufactured polymers are assessed for their material performance before DLC deposition, the latter

provides a comprehensive assessment and characterisation of individual coated samples produced.

9.2 Effect of the 3D substrate

Exploring the advantages of thermal analysis for establishing a connection between temperature and
specific material properties in vacuum was deemed essential for this study, most especially in plasma

vacuum deposition. In the study of the thermal degradation behaviour of the individual substrates, the
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guantitative mass loss or gain for all samples showed characteristic changes to mass loss based on the
decomposition environment. In a nitrogen-controlled environment, the decomposition was seen to be
much delayed, where for the 3D ABS, the onset of decomposition (T1) was reached at 206 °C as against
128 °C for air. Similar trends regarding the individual decomposition onset temperatures were seen to
be evident in the case of Verogray samples wherein nitrogen rather than air, an initial decomposition
temperature of 125 °C instead of 102 °C was observed. As similarly observed by Sarac et al. [294] and
Gu & Liang [295], polymer decomposition in nitrogen occurs at higher temperature in comparison with
decomposition in air, as the path required for the phase transition is usually controlled by lower
activation energy in an air controlled environment compared with random chain incision polymer
decomposition in nitrogen [294]. By exposing polymers, especially ABS at higher temperatures under
an oxygen-containing environment, the abstraction of hydrogen by oxygen is shown to be
thermodynamically favoured because of the presence of tertiary substituted C atom within the
polybutadiene phase. Following on from the reaction regime proposed by Shimada and Kabuki [296],
certain degradation by-products may further decompose to create polymer radicals to promote
crosslinking which may create microstructural incoherence on the surface acting as stress concentration
sites at higher temperatures. Hence, the determination of the minimum energy required to initiate atomic
or molecular chain movement within the polymer structure. This is usually defined by the activation
energy of the PBM and is key in understanding the thermodynamic state of the polymer phase during
decomposition.

For both polymers, the activation energies were determined using the Murray-White plot from the TGA
data (Table 4.1). In both cases involving N, and air, the activation energies for the individual samples
show observable differences between their thermodynamic state wherein the case involving N, the
calculated mean activation energy is seen to be less than in air. Further statistical analysis using the t-
test confirms the null hypothesis under a nitrogen-controlled environment wherein both cases involving
3D ABS and Verogray, a calculated p-value of 2.2E-4 was made. The alternate hypothesis was the case

under the air-controlled environment where a p-value of 0.89 was calculated.
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Figure 9-1- Heat flow versus temperature plot for the determination of T, for VVerogray sample.
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Polymeric based materials could further be understood in terms of their structural transition when
heated or cooled below their T, temperature. To provide greater emphasis on the quantitative liquid-
glass transition phenomenon for 3D ABS and Verogray samples analysed, a graphical representation of
a typical glass transition plot shown as heat flux versus temperature plot is given in Figure 9-1. From
the heat flux versus temperature curves, the T, calculated for both 3D ABS and Verogray were 56 °C

and 46 °C respectively. From the heat flux curve, a typical amorphous-like structure was observed for
both substrates as no crystallisation phase change was observed when heated or cooled [247]. Kuzman
et al. [209] conducted a study on the viscoelastic behaviour of 3D printed ABS and PLA polymers using
an FDM printer and noted a Tg of 115 °C for pure ABS and 70 °C for pure PLA polymers. As polymer
chemistry and architecture differ in their thermodynamic state when heated or cooled, substrate
response in their glassy state may show varying Tg values especially if their chemical structure is altered
[179].

The tensile property characterisation of both 3D ABS and Verogray summarises the mechanical
properties of the two Polyjet AM polymer parts according to ASTM D-638 for the Type IV testing. In
this work, the ultimate tensile strength and modulus have been presented in Table 9-1 for both
substrates. A modulus of 1.35 GPa was measured for VVerogray with 3D ABS measuring 1.23 GPa. The
measured ultimate strength for 3D ABS and Verogray were 53 and 45 MPa respectively.

For the majority of 3D printed parts, several authors have focused primarily on the yield strength,
ultimate strength, elasticity and elongation at break [234] where parameters such as raster print
orientation, layer thickness etc., have been shown to greatly influence material mechanical properties.
In the Fused deposition modelling (FDM) technique, the majority of the literature [297, 298, 234] have
reported that the mechanical properties rely on the printing parameters used. The best tensile properties
are observed when filaments are aligned parallel and longitudinally to the printing axis, and the worse
observed along the build directionality only. Letcher and Waytashek [297] showed that PLA printed
parts could have as much as 64 MPa ultimate tensile strength at 45 ° raster. At 0 ° and 90 °, they recorded
the lowest ultimate tensile strength at 58 MPa and 54 MPa respectively. Dizon et al._[234] recorded 26
MPa tensile strength and 2.2 GPa modulus for FDM printed 3D ABS parts, although for Polyjet
manufactured parts, Dizon et al. [234] noted a 50 MPa ultimate strength and a 2.2 GPa modulus for
Veroclear RGD810.

Even though greater anisotropy in material print behaviour have been reported extensively in the
literature where statistical studies have shown greater dependency of material mechanical
characteristics to print parameters [234], for this work, the effect of varying key process parameters
such as print orientation, speed of print, raster spacing etc. was not explored as a greater number of

publications, have shown no or minimal statistical variations in mechanical isotropicity [82, 299].
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Table 9-1- Mechanical properties of 3D printed materials.

Process Material Modulus Tensile Elongationto  Strain energy
(GPa) strength at yield  failure (%) density
(MPa) (MJ/m?®)
3D system/ ABS 1.23+6E-02 53+1E-02 7.6 3.4
Polyjet
3D system/  Verogray  1.35+4E-02 45+4E-02 8.2 2.2
Polyjet

Nanoindentation was used to characterise both hardness and Young’s modulus of the coated and pristine
test samples. A depth profile showing the variation in hardness and Young’s modulus was ascertained
wherein the case of Verogray, Young’s modulus was seen to decrease with indentation depth until a
stable modulus regime was attained at 600 nm. The Young’s modulus at the polymer surface was
shown to be ~55 % higher than that of ABS at 0.17 GPa as against 0.077 GPa for 3D ABS. However,
at an increasing indentation depth of 600 nm, the modulus for both substrates was seen to converge at
a minimum, where the calculated modulus for Verogray was 5 % higher than that of 3D ABS at 0.066
as against 0.063 GPa for 3D ABS. These variations were seen to be positively linked to the
inhomogeneity in the polymer contact geometry resulting from surface roughness variation necessitated
by the inherent surface morphological effect, nanoindentation size effect and polymer structure or chain
alignment. Further statistical analysis using t-test showed no significant differences between both

samples at a 95% confidence interval.

9.3 Coating deposition & characterisation

Five DLC coatings were synthesised using MW-PECVD technology. For all 5-coating designs, the gas
flow rates of Ar, C,H,, and N, were varied whilst maintaining constant vacuum pressure at 0.012 mbar.
The hardness measurements for the individual DLC films up to the depth of 10 % coating thickness is
summarised in Table 9-2. Further results are shown in Chapter 6 of this thesis. It was shown that by
varying both C,H, and N, content within the amorphous DLC film, film mechanical properties such as
hardness could be altered for specific functional performance.

Franceschini [273] noted that the aspect of nitrogen incorporation produces achievable limitations in
the uptake of nitrogenin an a-C:N:H film where no more than 20 atomic percentage compositions could
be achieved in any plasma deposition. He also went further to explain that, the incorporation of nitrogen
results in a strong decline in the sp® C atomic fraction which dictates a-C:N:H rigidity. As detailed in
Table 9-2, the coating hardness was seen to increase as the nitrogen flow rate increased from 0 to 10
sccm and then to 20 scem for similar C,H, gas flow rates for DLC/1, DL/2 and DLC/3 respectively. It
is interesting to also note that as the flow rates for C,H, was reduced by half with the flow rates of N,

maintained at 10 and 20 sccm for DLC/4 and DLC/5 respectively, both corresponding films exhibited
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a gradual reduction in the film hardness. This occurs due to the doping effect of nitrogen, which has
been widely used to relieve the internal compressive stress build-up during deposition [273].

Similar to Franceschini [273] observation, it was interesting to note that the maximum nitrogen atomic
percentage uptake was not directly related to the N, incorporation yield of the deposition environment.
By comparing the XPS scan results at the film surface, the true relationship between the coating
mechanical properties vis-a-vis nitrogen doping effect on the hardness properties is made known. It was
noted that as the flow of N, into the chamber increases at constant C,H, flow of 600 sccm for DLC/1,
2 and 3, a disproportionate decrease in the nitrogen content within the individual films were observed.
The lowest was seen for DLC/3 which had between 0.52 - 0.17 % atomic N1s composition. Although
the role of hydrogen in the stabilisation of sp® bonding state has well been established, the addition of
nitrogen to the hydrocarbon precursor gas is shown to encourage C sp?bonding. This modification in
the chemical bonding state is shown in the Raman spectroscopy analysis, where an increased nitrogen
content results in a disordered DLC structure towards a more sp? bonded graphitic domain, exhibited

by decreasing in coating hardness as the ratio of the I /I decreases.

Table 9-2- Hardness of DLC coating measure at 10% coating thickness on 3D ABS and Verogray.

Hardness (GPa)
DLC 1 2 3 4 5
3D ABS 2.97 3.31 411 2.67 2.05
Verogray 2.63 3.15 3.15 2.40 2.36

The outcome of the individual scratch test for all five DLC films as coated on both 3D ABS and
Verogray (Chapter 5) have been comparatively assessed. Both samples exhibited a larger variation in
adhesion strength compared to cracking properties as both polished and unpolished surfaces are
evaluated. The test results provide a series of multiple failure mechanisms observed as critical failure
points of the individual coatings on both 3D ABS and Verogray samples. It was shown that the variation
in surface roughness played an important role in the yield load. Though yielding was seen at lesser loads
for coatings with higher hardness for the unpolished substrates, DLC/1, 2 and 3 is seen to be very scratch
resistant with higher loads when polished. The increase in surface roughness causing failure at lower
yield was also noted by Weidner et al. [301] on glass soda-lime coated with DCL. The increase in
surface roughness resulted in the lateral cracking and severe sub-interfacial damage of the coating. The
substrate effect on the observed coating failure mechanisms establishes that the changes in coating
adhesion as observed for both substrates is due to the differences in surface viscoelastic properties
mismatch as well as surface roughness variation as observed by Fujisawa et al. [302] who noted that
coating delamination occurs when there is an elastic modulus mismatch at the substrate/film interface.
They further observed that substrate surface roughness below R, < 0.05um improves mechanical

bonding between the coating and substrate
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9.4 Tribology

The tribological function of both DLC coated and uncoated 3D ABS and Verogray substrates have been
extensively studied where the effects of surface orientation to applied loads of 1,5 and 10N have been
studied. It was shown that other than in the case of 1N load for the uncoated substrates, there were no
significant changes observed in the CoF value under both 5 and 10N loads for the parallel and
perpendicular print orientations. Similar tests were performed to understand the frictional behaviour for
the coated DLC samples under 1 and 5N loads. The 10N load test was excluded as the study on the
uncoated sample showed no significant variations in the performance under both print orientations for
the 5 and 10N loads. DLC/1, DLC/2 and DLC/3 were studied, and the steady-state time friction
response showed that the effect of surface coating provides a significant reduction in the CoF time trend
behaviour. By comparing the frictional performance under 1N load for the 3D ABS coated samples, it
was seen that DLC/1 showed the highest CoF reduction regardless of orientation to the applied load in
comparison with the other coatings tested on the same sample. An average CoF of 0.43 was observed
for both orientations under 1N load for DLC/1. However, as the nitrogen incorporation within the film
decreases creating harder coating as a result, the CoF is seen to progressively increase for DLC/2 and 3

as the coating deforms under repetitive shear stress (Figure 9-2 (a)).

A comparison made with Verogray using a similar coating, i.e. DLC/1, produced a CoF response of
0.37 and 0.52 for the parallel and perpendicular orientations. Similarly, increasing CoF responses were
observed as DLC/2 and 3 coated samples were tested for their tribological function. On average, lower
CoF values were recorded for all Verogray samples coated using the different DLCs studied in this
work. To probe further on the correlation between the coating adhesion performance and frictional
response at the different test loads at 1 and 5N, an SEM surface morphology study was made. The
results show an observable relationship between the coating structure and their corresponding
tribological performance. DLC/1 coated substrate under 1N shows limited coating failure on the
Verogray sample compared with its 3D ABS counterpart where severe tensile coating damage is

observed for both parallel and perpendicular print orientations.

It is shown that for all DLC/1 coated surfaces involving 3D ABS, the resulting coating damage does
not affect any coating removal from the coated surfaces. As the coating hardness increases, the
corresponding surface damage is shown to increase accordingly where the shear strength is large enough
to cause severe coating damage due to the brittle nature of the coating. For the coated surface involving
Verogray, the deformation regime showed similar increasing trends where coating damage is seen to
be most pronounced in the case where the orientation is parallel instead of perpendicular. The coating
performance under 5N load exhibited increased resistance to deformation as the transition from a more

brittle-like coating to a ductile structured regime is made in the case of DLC/1. Jiang and Arnell [303]

168 | Page



noted that, where the interface between the coating and substrate undergo minimal damage as a result
of mild loading, wear performance is subjected to the coating bulk properties. However, as stress build-
up within the coating interface and substrate due to high load, the fragmentation and removal of the
coating will become apparent resulting from the plastic or fatigue deformation due to the continuous
repetitive sliding action of both coating and substrate. Changes in the wear mode arise as both contact
pressure and the number of repetitive cycles increases. The principles of contact adhesion defined by
Bowden and Tabor on the fundamentals of adhesive friction provide greater insight into the coefficient
of friction performance with increasing applied load, where according to this law, the friction force (F)

is directly related to the real contact area (Ar) and shear strength () [304] in equation 8.1.

Liu et al. [305], in their earlier report on the microscale contact characterisation, proposed that the
friction force could be estimated on DLC thin films using the Hertzian theory which gives the contact

area (Ar) estimation according to the Hertzian model given by equation 8.2 [306].

A, = m[RE,/K]?3 ... ... ... (9.2)

Where K is the effective modulus, F,, is the normal applied load and R is the ball radius. From equation
8.2 it is obvious that the real contact area (Ar) is highly dependent on the applied load and ball size
radius. Therefore, it is expected that as the surface area increases with increasing load or ball size, the
resulting friction force will increase as a result. This model explains further why the observable friction
force increases as the normal load increases. The increase in the coefficient of friction thus is consistent
with what was observed by Bowden and Tabor concerning the law of friction. As it is widely known,
the friction force encompasses two components which are the adhesive and ploughing friction [304].
The adhesive friction expression is defined in equation 8.1. The ploughing friction (Fg) is given in

equation 8.3. Where S is the shear contribution to the total friction force.

From this equation, it is seen that the ploughing friction is directly related to the mean pressure (P)
required to displace the surface material at the solid-solid contact interface and as such as the surface
contact pressure increases with increasing applied load, the friction component defined by ploughing
increases. From Figure 9-2 and Figure 9-3, as well as, the complementary morphological study of the

individual coated surfaces post friction test detailed in Chapter 7, it can be seen that these surfaces have
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undergone wear. The morphology of these surfaces shows some evidence of ploughing and deformation

as detailed in Chapter 7 for similar DLC with different load regimes.
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Figure 9-2- Coefficient of friction with coating thickness for 3D ABS for 1N (a) and 5N (b) loads
showing the friction performance for each DLC coating.

The morphology shows no wear debris present on the wear track when considering both coated and
uncoated surfaces. It is obvious to note that, the pressure at the contact is high enough to initiate
ploughing and deformation. Several authors in the study of interfacial sliding have demonstrated the
mechanism of film transfer in the study of DLC coatings and have observed that, in all cases, the
material removal arise as a result of tribochemical mixed and compact layer transfer owing to the third
body material transfer in the form of rolled up debris [306, 307]. In the present case involving both 1
and 5N loads for Verogray and 3D ABS, there is no visible rolled debris at the tribo contact surface
indicating the absence of a tribolayer. It is worth noting that, for a chosen value of the applied load, the
friction trend with film thickness variation defined by the coating type plays a limiting role in the friction
performance but primarily anchored on the mechanical properties of the coating and orientation to the
applied load [306, 307]. As previously mentioned, the friction force arising from the sliding contact
between two independent bodies is said to be an amalgamation of both the ploughing and adhesive
component of the friction force [304]. That notwithstanding, even though there is a continuous
interaction between the adhesive and ploughing component of the friction force, the frictional behaviour
is not solely dependent on the material property but on also the contact condition [306]. Meaning,
depending on the tribological contact, there could be a primary determinant factor in the friction force
build-up on the surface which could be exclusive to a single component or a mixture. Yoon et al. [308]
noted that, for surface making contacts with multiple asperities, the ploughing force term decreases with

increasing contact points for similar loads. Therefore, as the orientation to applied load is varied it could
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be seen from both Figure 9-2 and that, the ploughing effect is minimal as compared to the parallel

orientation.
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Figure 9-3- Coefficient of friction with coating thickness for Verogray for 1N (a) and 5N (b)
loads showing the friction performance for each DLC coating.

9.5 Barrier function

To understand the barrier function and water sorption properties of both coated and uncoated samples,
the water vapour transmission rate and sorption mechanism have been studied using both the MOCON
PERMATRAN-W model 3/33 equipment and dynamic vapour sorption (DVS) analyser. The effect of
gas flow rate on the structural composition and architecture of the resulting DLC are assessed based on
their WVTR function. Additionally, the interaction effect in the use of both surface texturing and
coating in the optimisation of water vapour transfer through the individual polymers have been well
established and extensively discussed in Chapter 8. For both pristine uncoated substrates, the WVTR
corresponding to 73.31 and 28.83 gm/m?-day for 3D ABS and Verogray have been reported. These
differences in the WVTR performance show that the factors controlling individual barrier performance
could be attributed to the defects owing from the polymer printing technique which is seen to control
the polymer WVTR function through the pore distribution structure and function, and surface defect.
By using a mercury porosimetry technique through MICP, the detailed pore size distribution and
porosity function of both substrates showed varying pore size range from the meso to the macropore
characterisation range with detailed analysis shown in Chapter 4. It was shown that for both samples,
the minimum pore size radius recorded was at 0.0015 um with 3D-ABS showing the maximum pore
size radius of 3.62 um in comparison with 0.93 um for Verogray. This, however, was seen to promote
increasing porosity in the 3D ABS sample when compared with its Verogray counterpart. For the 3D

ABS, a porosity of 7.7 % was observed with Verogray having a porosity of 6.6 %. Jarvis et al. [124]
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noted that polymers in general typically have a WVTR of between 0.1-100 g/m?day. In a similar
investigation, Jarvis et al. observed a 2.22 g/m?-day WVTR for PET films when they compared different
test methods. Even though different rate functions were observed for the different tests, they concluded
that the validity of the equal rate assumption may have not been met due to material permeability
variability.

In the same test, Jarvis et al. [124] observed that the WVTR is highly dependent on the relative humidity
and further showed that the WVTR of PET could be double from 1.22 to 2.26 g/m3-day if the RH is
also doubled. In a similar study using a much thicker substrate of 100 um, Zhang et al. [127] noted an
increase of 48.76 g/m?-day in the WVTR. However, the use of surface modification to promote suitable
barrier function has not been explored in greater detail especially with amorphous diamond-like

coatings for 3D printed polymers.

The effect of varying nitrogen gas flow rate in the provision of suitable barrier property function for
both substrates is determined. For this study, both DLC/1 and DLC/3 are assessed. The results show a
reduction of 24 and ~16 % in the WVTR for 3D ABS when coated with DLC/1 and 3. For Verogray,
a reduction corresponding to 60 and ~70.4 % was observed for similar coatings type. It was shown that
for the 3D ABS, the barrier performance was highly reliant on the coating thickness and subsequently
it's WTR [126]. This theory was confirmed by Ray et al. in a similar study to determine the WVTR
function of both Si and N doped DLC where he showed the linkage between coating thickness,
mechanical properties and WVTR. For coating thicknesses of 1.03 and 1.01um. They observed a
WVTR of 45.98 and 43.70g/m?-day respectively [126]. For the Verogray sample. It was observed that
the reduction in the WVTR was independent of the coating thickness but dependent on the improved
coating structure and adhesion, thus providing limited pathways through which water vapour could
permeate.

The exploitation of surface texturing effect on the WVTR performance for both substrates (coated and
uncoated) have been studied. The effect of aspect ratio size features (defined by textured surfaces A
and B) and acetylene gas flow rate variations are studied (Chapter 5). It was shown that samples coated
with DLC/5 measured higher WVTR values when compared with similar substrates coated with DLC/3.
A morphological study of both surfaces shows clearly the presence of surface crack propagation along
the defective plane of the textured trough feature for DLC/5. These cracks upon exposure to water
vapour could act as an easy migration path for the diffusion process, thus compromising the integrity
of the coating to effectively act as a barrier coating. Similar observations were seen for Verogray

samples

It was shown that, by combing textured B and DLC/3 coating, the water WVTR could be reduced by
as much as ~74 % when compared with the pristine 3D ABS. A similar comparison with the untextured

coated surface shows a 70 % reduction in the WVTR function. However, no measurable differences
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were observed for both textured B and untextured coated DLC/3 Verogray substrate in comparison with
its 3D ABS counterpart.

Table 9-3- Interaction effect of both surface texturing and DLC single layer coating on the water
vapour barrier performance for both coated 3D ABS and Verogray samples.

WVTR (gm/m?-day)

3D ABS Verogray
Coating  Textured Surface
DLC/2 A 77.86 20.61
B 36.14 15.45
DLC/5 A 82.68 16.63
B 69.82 32.34

The interaction effect between surface texturing and DLC coating type has been explored further to
understand the limitations surface texturing effect has on the WVTR function for both 3D ABS and
Verogray coated samples. In this work both DLC/2 and DLC/5 have been accessed on both textured
surfaces A and B as detailed in Chapter 3. For the first part of the WVTR analysis using DLC/2 coating
as shown in Figure 8-5, the performance of both textured A and B surfaces show a stable and uniform
WVTR function with time. This was also evident in the case of DLC/5 for both textured surfaces. The
average WVTR is shown in Table 9-3. From the summary table, it was observed that the highest WVTR
is seen in DLC/5 with textured A surface. The lowest WVTR of 15.45 gm/m?2-day was exhibited by the
Verogray sample with textured surface B. Further comparison under similar deposition environment
for both textured surfaces show for DLC/2 coating on 3D ABS, a reduction of 53.57 % in the WVTR
function is achieved when textured B is used rather than A. For Verogray, a 25 % reduction was attained

as a result.

An in-depth understanding of the water adsorption and sorption behaviour of both coated and uncoated
test substrates using the dynamic vapour sorption technique is studied in this work to complement
further, the absorption kinetics of the additively manufactured parts. Depending on the physicochemical
properties, polymer materials may provide a greater or less efficient barrier performance against
humidity [309]. At a constant temperature of 25 °C and relative humidity of 80 %, the water absorption
isotherm behaviour of both coated and uncoated substrates behaviour in the form of total water vapour
uptake are shown in Figure 8-9 and Figure 8-10 in Chapter 8. As expected in all cases, the highest total
weight gain for all three polymers tested was the 3D ABS sample, followed by the Verogray and then
moulded ABS. A temperature dependence water vapour sorption isotherm of the sorption-desorption
curves at 25 and 40 °C at varying RH of 0 to 90 % have shown that for most cases involving each of

the three polymers studied, the influence of increasing temperature on the sorption process can not be
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underestimated even after providing sufficient barrier layer protection in the form of coating. As the
temperature increases from 25 to 40 °C, the hysteresis isotherm response for all samples shows some
level of increasing water activity, thus, pushing the percentage of water sorbed to a much higher sorption
peak.

Bley et al. [158] noted that, when polymers are exposed to higher RH and temperature, water initially
form a monolayer on the substrate surface. This is characterised by stronger interaction with the polar
group present on the surface acting as a backbone for subsequent multi-layered systems to be formed
through hydrogen bonding. For both coated and uncoated polymers, the multi-layer structure could be
held up as an adsorbed multi-layer complex or sorbed into the bulk polymer through the diffusion
process. It is shown from the isotherm sorption plot for all substrate studied, that, the pressure versus
the amount of water adsorbed increases as the saturation pressure increases. This phenomenon is shown
as a typical type Il adsorption isotherm plot [182], where on the adsorbent surface, several molecules
are adsorbed to form a monolayer. The subsequent molecules may either take up the free space available
or form a multi-layer structure. As the heat of liquefaction becomes greater than the heat of absorption,
a direct multi-layer molecular structure held together by weak van der Waals forces is formed. It is
shown in all isotherm plots for the three coated substrates that, as the partial saturation pressure
increases, the rate of water sorbed is minimal as weak interaction between adsorbate and adsorbent
becomes dominant. At higher saturation pressure, the rate of adsorption increases as there is a strong
interaction between the adsorbent and adsorbate molecules. Therefore we can assume that the most
important contributing factor to the weight increase as seen in the isotherm plot is as a result of the
formation of adsorbed multi-layer molecules of water which may be further absorbed into the polymer

matrix as and when a diffusion path is available or created within the coating structure.

9.6 Uniqueness of this coating system

The Hauzer Flexi coating system used in this research boast of an industrial scale deposit chamber with
additional multiscale functionality using MW-PECVD technique capable of depositing DLC coating
structure at a temperature below 50 °C. Previous work using the same equipment [112, 310] have been
used in the deposition of DLC by MW-PECVD onto metallic [310] and polymer substrates [112]. An
estimation of the plasma density distribution during deposition by comparing the deposition rates on
metallic substrates mounted at different locations with the chamber using one or two MW sources is
shown in Figure 9-4. It would seem that by using two MW sources during coating synthesis, lower
coating thickness is achieved in comparison with using one MW source (from Figure 9-4). However,
for this work, two MW sources were used rather than one, as this is shown to promote uniform plasma
density resulting in unvarying coating distribution over the entire substrate surface. MW-PECVD has

shown greater potential in producing quicker and faster coating thickness through its enhanced
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deposition rate cycle and reduced reliance on substrate biasing to maintain conductivity on the anode
to sustain a plasma.
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Figure 9-4- Coating thickness plot using one and two microwave sources at different heights
from the bottom along with the substrate holder [310].

As can be seen in most conventional deposition systems where the use of large voltage potential
difference is created across the working gas to ignite and sustain a plasma body, the Hauzer Flexi Coater
is no exception. To maximize the use of this potential, especially in the deposition of conductive
substrates like metals, a large negative voltage is often applied to the substrate holder to influence the
directionality and energy of the arriving ions to influence generally, the mechanical properties of the
coating. This method of deposition throws a greater challenge where non-conductive coatings are
synthesized within the deposition chamber. With the constant exposure of the anodic section to the
deposition chamber, coating eventually is accumulated on the anode, leading to increased resistivity. A
phenomenon known as ‘disappearing anode’ is created as the coating thickness on the anode increases.
This as a consequence, produces plasma instability as a large potential difference cannot be sustained
during deposition. As an alternative, the use of MW source during plasma generation and deposition
acts to de-couples the bias-circuitry to ensure continuous plasma sustainability to maintain uniform
coating deposition and increase deposition rate during coating synthesis. For the work presented in this
thesis, the use of substrate biasing was not investigated as the only bias modes available for the
FlexiCoater were the DC and DC pulse, which are both known to increase deposition temperatures from

ion bombardments.

Regardless of the issues surrounding substrate biasing, especially for insulating and temperature-
sensitive substrates such as polymers, the use of RF biasing has proved useful in this regard. However,
in large scale designs, where RF biasing technique have been employed, the technical problem with

respect to non-uniformity in coating build-up on substrate surfaces have been identified as a drawback.
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That notwithstanding, the use of this technique was not exploited as the facility was not available as

part of the bias options for the FlexiCoater.

The outcome of this work in terms of coating performance is compared with other works investigated
by different authors in the literature to show how the coating synthesised in this work compare with
others in terms of both mechanical and water barrier function. In terms of the coating mechanical
property shown as coating hardness in Table 9-4, it could be seen that similar measure has been reported
by several authors with a marginal magnitude of errors with regards to coating hardness. However, the

reported values in this work were generally low.

Table 9-4 - Hardness properties of diamond-like coatings deposited on polymer substrates from
the literature

Substrate Coating Deposition Thickness Hardness Ref.
Technique (um) (GPa)

PA DLC PECVD - 17.46 [311]

PA a-C Sputtering - 12.75 [311]

PA/PPE DLC RF-plasma 1 2.14 - 3.45 [312]

based

PMMA DLC RF-sputtering 1 4.25-6 [313]

PMMA/PET DLC Pulse PECVD =il 1.2-15 [314]

PET a-C:H PECVD 05-37 2 [315]

PET ta-C FCVA 05-37 8 [315]

ABS/PEI a-C:H MW-PECVD ~2-5 ~2-5 [112]
3D a-C:N:H MW-PECVD ~0.5-2 2.05-4.11  This work

ABS/Verogray

Since the advent of 3D printing of polymers, material manufacturing and testing has been on the
ascendency but for most of the work reported in the literature, the use of 3D printed materials have been
limited with significant focus around the traditional polymers such as PC, PET, PMMA and PE for their
excellent performance in friction control and general application such as optical and scratch resistance.
The concept for understanding the limitations in coating 3D printed polymers and their subsequent
application in providing barrier performance against water for both textured and untextured substrates
have been compared with similar coatings produced in literature. Even though this research is one of
its kinds in the development of additively manufactured parts for barrier function application, a
comparison in terms of performance to the more traditional polymers is very promising as seen in Table
9-5. The WVTR study proposed in this thesis show an interesting comparison with those reported in

the literature where in some cases a significant reduction in the WVTR function are observed.
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Table 9-5- WVTR performance properties of carbon coating deposited on polymer from the

literature

Substrate

PET
PET
PET

PET
3D ABS

untextured
textured

3D Verogray

untextured
textured
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Coating

a-C:H
a-C:H:Si

a-C:H:N
N-flow: 5 sccm

a-C:H:N
N-flow: 20 sccm

a-C:N:H

Deposition
Technique
PECVD

PECVD

RF
PECVD
RF
PECVD

MW-PECVD

Thickness

(um)
0.5-3.7

0.5-3.7
1.29

1.28

~0.5-2

~0.8-1.7

WVTR
(gm/m?-day)
0.56

0.03
45.98

43.70
55.68
18.4 - 82.68

1141
5.7-32.34

Ref.

[315]
[315]
[126]

[289]

This work



Chapter 10

Conclusions

This study has provided a thorough insight into the characterisation and performance of additively
manufactured Polyjet polymers, namely 3D ABS and Verogray. The study provides three basic
characterisation tools in understanding the physical, structural and chemical limitations possessed by
the AM substrate with their coated counterpart. By using a MW-PECVD technique in the synthesis and
deposition of hard diamond-like carbon coatings unto the polymer substrate, the creation of a robust
functional coating defined by their mechanical, chemical, tribological and barrier performance function
are summarised in this chapter along with recommendations for future work. For the first time, an
efficient coating structure has been synthesised and deposited onto additively manufactured polymers

with acceptable coating adhesion and improved surface properties.

10.1 Sample preparation and characterisation

To understand the limitations and practicality of using AM polymers rather than the more traditional
PBMs such as PET, PMMA, PE etc. An investigation into properties such as mechanical, thermal,
chemical, porosity and pore size distribution were deemed necessary to establish a solid framework
upon which all future coating methods and characterisation shall be based. The following conclusions

were drawn:

o For the thermal characterisation of the glass transition state and its associate molecular chain
mobility temperature described as T, for all tested samples, it was shown that 3D ABS and
Verogray exhibited typical amorphous behaviour as opposed to either crystalline or semi-
crystalline polymer. For both 3D ABS and Verogray samples, a T, of 56 °C and 46 °C was
obtained.

e The quantitative mass loss or gain due to decomposition for all test samples in both air and the
nitrogen-controlled environment was shown to vary as the decomposition temperature was
approached. For all cases involving nitrogen, the onset of decomposition was seen to much

lower than in air.
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o A calculation of the activation energy for the individual samples using Murray-White plot show
observable differences between the thermodynamic state wherein nitrogen, the calculated
activation energy is seen to be less than in air

¢ For both samples, the mechanical property characterisation defined by material properties such
as modulus, tensile strength and yield, elongation to failure and strain energy density is made.
The calculated Young’s modulus shows a much stiffer material for Verogray than 3D ABS.

e By using nano-indentation, a correlation was made between Young’s modulus and hardness of
both materials as defined in the tensile testing. The Young’s modulus for Verogray was shown
to be ~55 % higher than that of 3D ABS at 0.17 GPa as against 0.077 GPa for 3D ABS

e The frictional performance of the uncoated substrates was shown to be strongly dependent on
the surface orientation at 1 N load where surface asperities are seen to play a major role during
the reciprocating sliding. However, at higher loads of 5 and 10 N, the bulk mechanical

properties affect the coefficient of friction rather to a greater degree than surface roughness.

10.2 DL.C coating and deposition

e The MW-PECVD technique used in this work has shown great applicability in the depositing
of robust DLC structure that conforms to the substrate surface with good adherence to the
polymer surface under scratch testing.

e The method of deposition using MW remote source was made possible using the necessary
deposition steps and intermitted cooling periods to achieve a low heating rate and deposition
temperature. An achievable deposition temperature of <45 °C has been presented in this work
which is made possible due to the lack of substrate bias as a consequence leading to reduced
ion flux on the polymer surface.

e For the initial coating recipes deposited, it was seen that coating adhesion on both substrates
was fundamentally flawed owing to the high internal and interfacial stress leading to coating
delamination through extensive cracking. A revised coating taking advantage of N, was

introduced to mitigate against this shortfall in adhesion performance.

10.3 Coating assessment and performance analysis

e The adhesion of the modified DLC coating investigated through scratch testing showed great
adhesion performance with an increasing progressive load of 0—20N. By assessing their
mechanical performance through nano-indentation, a correlation between the coating

mechanical properties and coating adhesion property was determined.
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o Acorrelation between the coating hardness and XPS measurement show decreasing atomic N1s
percentage within the coating structure as the amount of nitrogen gas flow increases within the
deposition chamber.

e Raman analysis of the individual coating shows observable Iy, /I ratio change as the nitrogen:
acetylene gas flow rate changes. The results further suggest a re-ordering of the sp? bonded
graphitic domain. A good correlation between Raman spectroscopy and XPS further confirmed
the DLC film hardness obtained for both 3D ABS and Verogray.

o Forthe coated sample, the steady-state time frictional response showed that the effect of surface
coating provided a significant reduction in the CoF time trend behaviour compared with the
uncoated surfaces.

e A morphological analysis of both coated and uncoated worn surfaces show that the friction and
wear responses for 3D printed ABS and Verogray at both orientations to the normal applied
loads are controlled by different deformation regimes with characteristic evidence of surface
coating ploughing and visible fracture failure for 3D coated substrates, whereas, for similar
loads, Verogray showed minimal coating deformation characterised by localised spallation and
abrasive wear.

e By exploring the water barrier performance of both coated and uncoated samples, it was shown
that; for the uncoated polymers, 3D ABS had the highest WVTR function compared to its
Verogray counterpart owing to the pore structure present within the polymer matrix, thus
contributing to the overall WVTR performance of the material.

e A correlation between coating thickness, adhesion and mechanical properties have shown a
positive synergy in the reduction of WVTR.

e The use of surface texturing as a tool in improving the WVTR performance has also shown
some positive correlation in the reduction of WV TR for both samples when coated with DLC.

e From the individual absorption isotherm plot, it was concluded that the primary contributing
factor to the change in mass is a result of the formation of adsorbed multi-layer molecules of
water which may be further absorbed into the polymer matrix as and when diffusion paths are

available or created within the coating structure.

10.4 Further work

The work presented in this thesis has shown great potential in the development of improved coating
structures for varying functional applications for 3D printed polymers in summary. As the future of 3D
printing evolves and its usage in practical mechanical and tribological applications increases, a reliable
knowledge base platform shall be required to define and characterise suitable coating recipes to optimise

and complement the material performance. As such, an exhaustive study into the limitations of coating
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design, adhesion and surface interaction at the atomic scale will help guide this interesting research
path.

Hence, these are some further opportunities identified for further studies from this research.

e The exploitation of substrate biasing in improving coating performance and structure for varied
functionality.

e The use of Inductively coupled plasma mass spectrometry (ICP-MS) as an added tool in the
study of the ion dissociation and charge particle flux in a nitrogen-doped deposition
environment.

e Aninvestigation into the stress build-up dynamics of DLCs on 3D polymers and understanding
the limitations of doping effect in the control of substrate coating interaction at the near-surface
in the reduction of coating failure on polymers especially, 3D printed polymer

e The development of an inhouse permeability Kit to study the behaviour and limitations of gas
flux through 3D printed polymers and other polymer materials in general

e Understand the role surface roughness play in adhesion optimization in 3D printed polymers.

e Develop a bespoke nanoindentation technique for probing further coating mechanical
properties on soft polymer materials, especially 3D printed polymers.

e The exploitation for coating complex features with micron-size features to determine their
functional performance to understand the limitations in terms of feature size and aspect ratio

could be studied.
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Appendix |

1. Temperature Evolution during deposition (Conti. From Chapter 5)
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Appendix I- Temperature evolution for DLC/2(a),DLC/3(b),DLC/4(c),DLC/5(d)

1|Page



Appendix 11

Scratch Test (Cont. from Chapter 5)

Lca L (b)

Figure 0-1- Typical failure mode of DLC/3 coatings on pristine 3D printed ABS (a) Unpolished
(b) polished.

Ly Le; (d)

Figure 0-2- Typical failure mode of DLC/3 coatings on pristine 3D printed Verogray (c)
Unpolished (d) polished.

!J “som.m : :’

Figure 0-3- Typical failure mode of DLC/4 coatings on pristine 3D printed ABS (e) Unpolished
(f) polished.
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Figure 0-4- Typical failure mode of DLC/4 coatings on pristine Verogray (g) Unpolished (h)
polished.

Ley Lz Lcs a)

Figure 0-5- Typical failure mode of DLC/5 coatings on pristine 3D ABS (i) Unpolished (j)
polished.

(K)

Figure 0-6- Typical failure mode of DLC/5 coatings on pristine Verogray (k) Unpolished (I)
polished.
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Appendix 11

Coating failure after 3 points bending showing coating

500.00um] — . 1500.00um|

Figure 0-1- Cracking behaviour of DLC/3 coating on 3D ABS after bending showing coating
deformation pattern on all three surfaces defined as (a) untextured coated surface (b) textured

type A (c) textured type B.

)

Figure 0-2- DLC/3 coating on Verogray after bending showing coating deformation pattern on
all three surfaces defined as (a) untextured coated surface (b) textured type A (c) textured type

B.

Figure 0-3- Cracking behaviour of DLC/4 coating on 3D ABS after bending showing coating
deformation pattern on all three surfaces defined as (a) untextured coated surface (b) textured

type A (c) textured type B.
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500.00,m)

Figure 0-4- DLC/4 coating on Verogray after bending showing coating deformation pattern on
all three surfaces defined as (a) untextured coated surface (b) textured type A (c) textured type
B.

Figure 0-5- Cracking behaviour of DLC/5 coating on 3D ABS after bending showing coating
deformation pattern on all three surfaces defined as (a) untextured coated surface (b) textured
type A (c) textured type B.

G~

Figure 0-6- DLC/5 coating on Verogray after bending showing coating deformation pattern on
all three surfaces defined as (a) untextured coated surface (b) textured type A (c) textured type
B.
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Appendix 1V

Figure 0-1- DLC/2 coated ABS substrate showing the deformation on (a) parallel (b)
perpendicular orientation to the applied load of 1N.

Flgure 0- 2 DLC/2 coated Verogray substrate showmg the deformatlon on (a) parallel (b)
perpendicular orientation to the applied load of 1N.

S

Figure 0-3- DLC/3 coated ABS substrate showing the deformation on (a) parallel (b)
perpendicular orientation to the applied load of 1N.

Flgure 0- 4 DLC/3 coated Verogray substrate showmg the deformatlon on (a) parallel (b)
perpendicular orientation to the applied load of 1N.
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Appendix V
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Figure 0-1- Typical isotherm plot for DLC/2 coated 3D ABS, Verogray and moulded ABS
showing both sorption and desorption curves at 25 °C and 40 °C.
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Figure 0-2- Typical isotherm plot for DLC/3 coated 3D ABS, Verogray and moulded ABS
showing both sorption and desorption curves at 25 °C and 40 °C.
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Figure 0-3- Typical isotherm plot for DLC/4 coated 3D ABS, Verogray and moulded ABS
showing both sorption and desorption curves at 25 °C and 40 °C
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Figure 0-4- Typical isotherm plot for DLC/5 coated 3D ABS, Verogray and moulded ABS

showing both sorption and desorption curves at 25 °C and 40 °C
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Appendix VI
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Figure 0-1- CoF plot showing experimental repeat for 1N load on 3D ABS (a) parallel
orientation (b) perpendicular orientation.
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Figure 0-2- CoF plot showing experimental repeat for 1N load on Verogray (a) parallel
orientation (b)perpendicular orientation.
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Figure 0-3- CoF plot showing experimental repeat for 5N load on 3D ABS (a) parallel
orientation (b) perpendicular orientation.
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Figure 0-4- CoF plot showing experimental repeat for 5N load on Verogray (a) parallel
orientation (b) perpendicular orientation.
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Figure 0-5- CoF plot showing experimental repeat for 10N load on 3D ABS (a) parallel
orientation (b) perpendicular orientation.
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Figure 0-6- CoF plot showing experimental repeat for 10N load on Verogray (a) parallel
orientation (b) perpendicular orientation.
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