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ABSTRACT

Laser powder bed fusion (LPBF) technology is an additive manufacturing (AM) technique used to
build objects layer-by-layer from three-dimensional (3D) computer-aided design (CAD) models.
This type of technology provides almost unchallenged design freedom and enables the
manufacture of patient-specific components while maintaining short turnaround times. Titanium
(Ti) and its alloys (particularly Ti6Al4V) are the preferred materials for bioengineering implants
in the orthopaedic and dental fields due to their outstanding specific strength, light weight,
biocompatibility, and corrosion resistance. However, Ti 1is bioinert, which limits its
biocompatibility. Modifying the surfaces of Ti implants by coating them with polymer nanofibres
(NFs) may promote their bioactivity.

Electrospinning is the preferred method for coating surfaces with ultrafine polymer fibres that
mimic the extracellular matrix (ECM). Metals and polymers do not inherently possess antibacterial
properties and may attract bacterial attachment due to their biocompatibility. Copper (Cu) has
broad-spectrum antibacterial activity and, unlike most metal-based antibacterial agents, is an
essential element for human health and exhibits low cytotoxicity at controlled concentrations.
Thus, adding Cu to Ti-based implants and their polymer coatings may impart bactericidal
properties to the biomaterials. The current project aimed to employ LPBF to manufacture Ti6Al4V
and commercially pure Ti (cpTi) implant materials in situ alloyed with Cu, and to coat the Ti-
based materials with electrospun polymeric NFs and NFs imbued with Cu particles. The
mechanical properties of the alloys were then determined, and the functionality of the alloys and

coated material was investigated for antibacterial effect and biocompatibility with human cells.

Several process parameters control the characteristics of the final part fabricated using the LPBF
procedure; hence, crucial parameters that contribute to obtaining samples with the highest density
(namely, layer thickness, laser power, scanning speed and hatching distance were optimised by
conducting the single track experiment. The experiment entailed producing single tracks at various
scanning speeds and laser powers, manufacturing double layers at selected speeds and powers
while varying the hatch distance, analysing the microstructures and porosity of three-dimensional
objects produced at selected speeds, powers, and hatch distances, and finally selecting the optimum

parameters. Optimised parameters were applied to manufacture samples from powders of
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Ti6A14V-xCu, cpTi and Ti-xCu (x = 3, 6 wt.%). Previously determined parameters were used for

the Ti6Al4V ELI powder.

Various polymer combinations were explored to determine the most suitable polymer blends for
coating Ti6Al4V ELI and cpTi using the electrospinning technique. Suitability was primarily
based on adhesion strength at the metal-polymer interface and the potential antibacterial effect.
The polymer blends selected were polycaprolactone-polyurethane (PCL/PU) and its copper oxide
nanoparticle (CuO NPs)- infused counterpart (PCL/PU/CuO). The PCL/PU and PCL/PU/CuO NPs
solutions were used to coat Ti6Al4V ELI and cpTi test specimens successfully by electrospinning.
The coatings were characterised. Their adhesion strengths were determined using the direct pull-

off adhesion test and were found to be comparable to those reported in the literature.

Mechanical properties (that is, yield strength, ultimate tensile strength, modulus of elasticity and
ductility quantifiers) of LPBF-manufactured Ti6Al4V-xCu, cpTi and Ti-xCu (x = 3, 6 wt.%)
specimens were determined using the standard tensile test. The results showed that strength
increased and ductility decreased with increasing Cu content. Fractography was conducted to study
the fracture behaviour of the tensile-tested surfaces. The effect of Cu was not evident during

fracture analysis, and the Ti6Al4V-Cu alloys showed lower ductility than the cpTi alloys with Cu.

The Ti6Al4V-xCu and Ti-xCu (x =3, 6 wt.%) and NF-coated Ti6Al4V ELI and cpTi samples were
investigated for antibacterial effectiveness and their ability to integrate with human cells without
cytotoxicity. The antimicrobial efficacy of the samples was assessed using the agar diffusion assay
and plate count method. Using the plate count method, antibacterial activity was evident on NF-
coated surfaces and was associated with Cu/CuO-containing samples. C2C12 and MDA-MB-231
cell lines were used to study biocompatibility. Cell toxicity was observed from Ti6Al4V ELI,
Ti6Al14V-3Cu, Ti6Al4V-6Cu and Ti-6Cu toward cell lines and was attributed to the Cu content.

The NF-coated specimens exhibited the least cytotoxicity and the most cell growth promotion.
The investigations were instrumental in achieving highly dense Ti6Al4V ELI and cpTi LPBF parts

and modifying them with Cu alloying and surface modification through coating with PCL/PU and
PCL/PU/CuO NFs using electrospinning. The addition of Cu did not adversely affect the renowned
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mechanical properties of Ti-based material. Moreover, Cu/CuO particles exhibited antibacterial
properties. The NFs enhanced the antibacterial properties and biocompatibility of Ti surfaces with

human cells.
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CHAPTER 1 INTRODUCTION

1.1. Background

The increase in population and life expectancy over the years has resulted in an increase in
cases of bone defects caused by factors such as congenital defects, ageing, diseases and trauma
(Weng & Xie, 2015; Zaman, et al., 2015). It is empirical to develop strategies for bone
replacement that improve and sustain the quality of life. In addition, factors such as maintaining
an optimal bed occupancy rate demand shorter treatment times. With the current world being
fast-paced by evolution in technological advancement of the Fourth Industrial Revolution
(4IR), remedial strategies should be rapid in manufacturing and restoration of bone function.
Implantation is considered the preeminent solution for lost bone. Additive manufacturing
(AM), also known as three-dimensional (3D) printing, is a novel approach to fabricating highly
complex and customised, near-net shaped metal implants (Baufeld, et al., 2010; Chowdhury,
et al., 2022). As a rapid prototyping technique, a fast turnaround is characteristic and design
modifications may be effortlessly incorporated. Since parts are built by adding instead of
subtracting material, extensive machining is avoided, and the unused feedstock may be reused.
Consequently, material costs are reduced and waste is minimised, leading to a lower
environmental impact with a decent economic balance (Baufeld, et al., 2010; Chowdhury, et

al., 2022).

Additive manufacturing technology was developed in national laboratories, universities and
industrial research laboratories. First commercialised in the 1980s, it is now being
demonstrated and adopted by industry, as evidenced by the rapid growth in sales of commercial
networks (DebRoy, et al., 2018; Srivastava, et al., 2022). The International Organization for
Standardization/American Society for Testing and Materials International (ISO/ASTM)
52900:2021 standard classifies AM processes into seven categories, namely: powder bed
fusion, vat photopolymerisation, material extrusion, directed energy deposition, sheet
lamination, material jetting and binder jetting (de Pastre, et al., 2022). All AM systems have
their advantages and disadvantages, and selection should be made based on the objectives and
intended use of the finished product. The type of material to be used is one of the main
determining factors (Chowdhury, et al., 2022), and for printing metal feedstock, powder bed-
based methods, like laser powder bed fusion (LPBF), are preferred due to their superior
capability to print dense metallic parts. Laser powder bed fusion involves the interaction of the

fed powder with a laser beam that produces a melt pool (DebRoy, et al., 2018). The technique
1
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has rapidly transformed since its development in the 1990s and has been found to be the most
versatile AM method for using different materials (Chowdhury, et al., 2022). Therefore, LPBF
has become a topic of interest in addressing the increasing demand for implants made from

biomaterials.

A biomaterial may be defined as a material that can interact with biological systems to evaluate,
treat, augment, restore or replace any tissue, organ or function in the body (Song, et al., 2018).
The utilisation of biomaterials for medical applications has become crucial, particularly as
artificial implants for the replacement of hard tissue (Zaman, et al., 2015). Moreover, the
efficiency of implantable devices depends on their integration with the human body’s
physiology. In the early 1900s, surgeons identified loss of implant function arising from
material and design complications, including mechanical failure, corrosion and
biocompatibility issues (Zaman, et al., 2015). As the biomedical industry evolved, titanium
(Ti)-based alloys became among the most widely used biomaterials for the production of
metallic implants. In the early 1970s, Ti and its alloys began to be at the forefront of implant
material for medical applications, even surpassing the renowned stainless steel, owing to its
high strength and light weight (Niinomi, 2002; Nag, et al., 2005; BomBag, et al., 2007; Patel
& Gohil, 2012). Among the Ti alloys, Ti-6Al-4V — which contains 90 wt.% titanium, 6 wt.%
aluminium and 4 wt.% vanadium — is found to be the most biocompatible (Huda, 2010). Ti-
6Al1-4V ELI (Extra Low Level of Interstitial) is a type of Ti biomaterial suitable for medical
implants because of its excellent mechanical strength, corrosion resistance and outstanding
biocompatibility (Zaman, et al., 2015; Liu & Shin, 2019). On the other hand, the
biocompatibility of Ti and its alloys makes them prone to microbial infection. However, they

are also bioinert materials and do not initiate interactions with cells (Al-Khateeb, et al., 2023).

With the extensive advancement in the production of implants through AM, the logical ensuing
step towards clinical usage is to functionalise these AM implants by addressing the critical
issues of implant-related infection and the separation of implants from the bone (Rasouli, et
al., 2018). Alloying conventional Ti implants with metal-based antibacterial agents, such as
copper (Cu), not only improves mechanical strength but also introduces antimicrobial
properties. Also, Cu is selected because it has more favourable properties for the human body
when compared to other extensively researched metal-based antibacterial agents, such as silver
(Ashkani, et al., 2023). Furthermore, the surfaces of biometallic alloys require modification to

resist bacteria and activate cell interactions (Al-Khateeb, et al., 2023). The surface topography
2
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of Ti-based implants is best controlled at the microscale. Nevertheless, physiological reactions
are predominantly associated with processes controlled at the nano level (Rasouli, et al., 2018).
Controlling surface topography at a nanometric scale allows for the Ti implant surfaces to

emulate the biological environment (Baena, et al., 2017).

Electrical spinning was first documented in the form of eletrospraying in the 17" century.
Thereafter, it was first patented as the electrospinning process in 1900 and became prominent
as a method for producing nanofibres in the 1990s owing to the emergence of nanotechnology
(Weng & Xie, 2015; Kadavil, et al., 2019). The process is used to prepare polymer fibres of
diameters ranging from a few nanometres to tens of micrometres and plays an important role
in the biomedical industry due to being robust, scalable, versatile and cost-effective (Weng &
Xie, 2015; Kadavil, et al., 2019). In comparison to similar fibre-producing techniques, such as
wet chemistry methods and molecular beam lithography, electrospinning requires simpler
apparatuses for operation but yields significant quantities of products from a wide variety of
polymers (Weng & Xie, 2015). Coating the surfaces of Ti implants with bioactive polymer
composite NFs with twofold functionalities to encourage tissue formation while preventing
bacterial habitation greatly contributes towards shortening rehabilitation periods and extending
implant life (Al-Khateeb, et al., 2023). Biocompatibility of biodegradable polymers has made
them attractive in biomedical research (Lei, et al., 2019) and coating LPBF Ti implant surfaces
with electrospun polymer NFs that mimic the nanofibrous component of the human body may
promote tissue interaction. Impregnating the NF coating with Cu particles is a measure to
induce the bactericidal effect of implants since antibacterial activity is significantly affected by

the surface properties (Zhang, et al., 2013).

1.2. Aim and objectives of the study

The aim of the present study was to optimise the manufacturing of in situ alloys of Ti6Al4V
and commercially pure titanium (cpTi) with Cu and polymer NF-coated surfaces of cpTi and
Ti6Al4V. The mechanical and biological functionalities of the alloyed and coated specimens

were investigated.

The objectives of this study were:
e To determine the process parameters for in situ alloying of Ti6Al4V-xCu and Ti-xCu (x =

3 and 6 wt.%) using LPBF technology.

3
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e To print TibAl4V-xCu, cpTi and Ti-xCu (x = 3, 6 wt.%) test samples via LPBF for
mechanical and biological analyses.

e To investigate the mechanical properties of uncoated Ti6A14V, Ti6Al4V-xCu, cpTi and Ti-
xCu (x =3 and 6 wt.%) specimens.

e To use the electrospinning apparatus for coating Ti6Al4V and cpTi specimens with
polycaprolactone (PCL) and polyurethane (PU) NFs and PCL/PU NFs doped with copper
oxide nanoparticles (CuO NPs) and determine the adhesive strength of the NF coatings.

e To employ biological assays in establishing the antibacterial properties and human tissue
interactions of Ti6Al4V-xCu and Ti-xCu (x = 3 and 6 wt.%) and NF-coated cpTi and
Ti6Al4V specimens.

1.3. Thesis statements

Additive manufacturing techniques, such as LPBF, are favoured for the rapid production of
metallic implants. Biomedical implants manufactured from titanium alloy have supreme
mechanical and biocompatibility. Conversely, their inert surfaces limit bioactivity, and thus
coating them with electrospun polymer nanofibres that mimic the morphology of the
extracellular matrix would be beneficial. However, neither Ti nor the polymer has been shown
to exhibit antimicrobial properties as an antithesis to their ability to attract bacterial cells due
to their biocompatibility. The addition of copper particles as an alloying element or additive to
the polymer NFs is envisaged to induce the bactericidal effect of Ti-based implants and their
NF coating. However, excessive exposure to Cu may be detrimental to cells. Notwithstanding
that the exact mechanisms that elucidate the interaction of Cu with cellular structure have not
been comprehended, and thus necessitate further research to achieve a balance between the

antimicrobial properties of Cu and its promotion of cell attachment.

1.4. The scope of the study
The present study was focused on optimising the functionality of LPBF Ti6Al14V and cpTi in
situ alloyed with Cu. It was also directed towards using NFs and NFs imbued with CuO

nanoparticles for coating Ti6Al4V and cpTi samples for biomedical applications.

1.5. Research methodology

The research methodology for the current study comprised the following activities:

4
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Literature review of LPBF of Ti6Al4V, Ti6Al4V-xCu, cpTi and Ti-xCu (x = 3 and 6
wt.%) alloys, electrospinning of polymer nanofibres and biomedical applications of
functionalised Ti and Ti implant alloys.
Mixing Ti6Al4V-xCu and Ti-xCu (x = 3 and 6 wt.%) powders and characterising the
powders using the scanning electron microscope (SEM).
Determine the optimum processing parameters of Ti6Al4V-xCu, cpTi and Ti-xCu (x =
3 and 6 wt.%) powder compositions as follows:
o form single tracks over a wide range of processing parameters;
o top view and cross-sectional examination of the tracks using optical
microscopy;
o form single and double layers by varying the hatch distance at optimum
scanning speeds and laser powers;
o examine the layers using optical microscopy and SEM (top view and cross-
section); and
o produce 3D cubes for the examination of porosity (with computed tomography
(CT) scanning) and microstructure (with an optical microscope).
Produce 3D objects using the optimised parameters for subsequent analyses.
Determine mechanical properties from the tensile test (namely, yield strength, ultimate
tensile strength, modulus of elasticity and ductility deduced from %elongation and
%reduction in area) and the microhardness of Ti6Al4V-xCu, cpTi and Ti-xCu (x =3, 6
wt.%) samples.
Conduct preliminary experiments to determine the most suitable polymer composition
for coating of test samples.
Electrospinning of PCL/PU and PCL/PU/CuO NPs nanofibres to apply coatings on
Ti6Al4V ELI and cpTi sample surfaces and characterise the nanofibre coatings using
SEM and X-ray diffraction (XRD).
Determine the adhesive strength of PCL/PU and PCL/PU/CuO NPs NF coatings using
the direct pull-off adhesion test apparatus.
Conduct antibacterial tests to establish the antibacterial properties of the Cu/CuO
particles in Ti6A14V-xCu, Ti-xCu (x = 3, 6 wt.%) and the NF-coated samples.
Use cell lines to conduct cell culture assays and determine the biocompatibility of the

Cu-alloyed and NF-coated specimens, and determine the cytotoxicity of the specimens.

5
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e Draw conclusions from the observations and results obtained and make

recommendations for future research projects.

1.6. Expected contribution

Additive manufacturing techniques such as LPBF are widely used to fabricate Ti implants in
the medical industry. However, they require additional processing to render them functional in
the clinical domain. This study establishes the optimum process parameters for in situ alloying
of Ti6Al4V ELI and cpTi with Cu. Subsequently, producing LPBF parts containing Cu
maintains the advantages of 3D printing — rapidly producing complex, customised devices —
while improving mechanical properties and introducing antibacterial functionality to Ti alloys.
Coating the Ti6Al4V ELI and cpTi surfaces with polymer NFs using the esteemed
electrospinning procedure enhances the biocompatibility of the surfaces, and imbuing the NFs
with CuO particles allows for compatibility with human cells while discouraging bacterial cell

attachment.

1.7. Chapter layout

The dissertation consists of seven chapters that have been arranged as follows:

Chapter 1 introduces the dissertation topics through their brief background. The features of
the chapter include the aim and objectives of the study, the thesis statements, the scope of the
study, the research methodology, the expected contribution, and the chapter layout.

Chapter 2 is a literature review of AM processes, with a special focus on producing Ti6A14V
ELI and cpTi specimens using LPBF and on the functionalisation of LPBF parts as biomedical
devices.

Chapter 3 details the optimisation of cpTi and in situ alloyed Ti6Al4V-xCu and Ti-xCu (x =
3, 6 wt.%) powders using LPBF and the manufacturing of the final test samples.

Chapter 4 characterises the in situ alloys and establishes their mechanical properties in terms
of the Vickers microhardness and tensile test.

Chapter 5 describes the coating of cpTi and Ti6Al4V with polymer nanofibres using
electrospinning and the imbuing of NFs with in situ-manufactured copper oxide nanoparticles.
Chapter 6 documents the biological properties of test samples. The antimicrobial efficacy of
the Cu element is examined against various bacterial strains commonly isolated from
orthopaedic and dental implant surfaces. The tissue culture analyses highlight the ability of the

samples to integrate with mammalian cells without inducing cytotoxicity.

6
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Chapter 7 is the conclusion and provides a summary of the critical findings and the scope for

future work.
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CHAPTER 2 LITERATURE REVIEW

2.1. Introduction

The current chapter reviews the literature on additive manufacturing (AM) processes for
medical implants, with a special focus on laser powder bed fusion (LPBF) and the use of
titanium (T1). It alloys as the base implant biomaterial, in situ alloying the base materials with
copper (Cu) as an antibacterial agent, and improving the biocompatibility of Ti-based implants
by the surface modification and nanotechnological technique of coating with polymer

biomaterial using electrospinning technology.

The world population has increased by more than 200% over the last three-quarters of the
century, from an estimated 2.5 billion people in 1950 to 8.2 billion in 2025, and the United
Nations (UN) projects a further increase to approximately 10.3 billion people by the mid-2080s
(United Nations, 2024; Iberdrola Group, 2025; Worldometer, 2025). In addition, the current
global life expectancy is 73.3 years and the UN projects that by the end of the 2070s, the
number of people aged 65 and over will surpass the number of those under 18 years (United
Nations, 2024). The exponential increase in population, coupled with extended life expectancy,
necessitates greater use of appliances and machinery (Han, et al., 2023). Subsequently, there is
an increase in incidences leading to bone damage or loss through natural and birth defects,
accidents, trauma and illnesses such as tumour/cancer, diabetes, osteoporosis and osteoarthritis
(Kim, et al., 2020; Al-Khateeb, et al., 2023). Thus, the demand for implants to replace and
repair damaged and lost bones for improved function and aesthetics has also increased

drastically over the course of the century.

Medical implants are artificial mechanical devices that are mounted to the skeletal system of
the human body to fulfil various purposes, such as supporting or replacing bones or joints,
reattaching tendons or ligaments and providing a post to support and mount replacement teeth
(Onuoha, et al., 2019; Kurup, et al., 2021). An implant failure is when there is a need to remove
it prematurely before the implant has fulfilled its intended purpose. Implant survival is
measured from the date of implantation to the date of its failure (Onuoha, et al., 2019). In most
cases of orthopaedic and orthodontic implants, the implants are intended to remain permanently

in the body and integrate with surrounding bone tissue.
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After blood, bone is the most transplanted tissue in the human body (Kim, et al., 2020).
Although implants have a high success rate of 90-98% (Tanner, et al., 1997; Zhang, et al.,
2021a), implantation failure continues to plague the medical society. The principal reasons for
failure are attributed to bacterial infection and mechanical stress (Tanner, et al., 1997). Geary
et al. (2020) compared historic and modern cohorts and found that the most common reason
for orthopaedic revision surgery was infection (22.1%), followed by instability (19.2%), aseptic
loosening (18.5%), and wear/osteolysis (15.9%). During their study of the period from 1997 to
2000, Sharkey et al. (2002) found that most implants failed and required revision within 2 years
of the initial surgery. On the other hand, Geary et al. (2020) found that, for the 1986-2015
cohort, most revisions occurred after 2 years, with a failure rate of 22.8%. The life expectancy
of orthopaedic implants was about 15 years previously, but advances in medical technology
have extended the survival of implants to an estimated 25 years (Evans, et al., 2019; Yuan, et
al., 2021). Through continuous research into the improvement of implantable devices, the

ultimate goal of permanent implants that no longer require revision surgery may be realised.

2.2. Additive manufacturing

The current era of Industry 4.0 is characterised by technological advancements and automation
with a special focus on the revolution of manufacturing processes and product development
(Abd-Elaziem, et al., 2024). An ongoing challenge to be addressed in this era is the smart
manufacturing of simultaneously achieving design freedom and creating complex structures
with added value to products (Zhang, et al., 2021b). In this context, AM has emerged as an
innovative approach to pivotal technology that enables digital production integrating
automated and data-driven programming in production processes (Abd-Elaziem, et al., 2024).
Because of the inherent material efficiency, energy utilisation, design flexibility and capability
for localised production, AM remarkably reduces the consumption of energy or fuel, which in
turn lowers carbon emissions and greenhouse gases, a characteristic of Industry 5.0 (Srivastava,

et al., 2022; Rahmani, et al., 2025).

Significant advances over the last two decades in the constituent technologies of AM metal
processing, including more affordable and reliable industrial lasers, inexpensive high-
performance computing hardware and software and metal powder feedstock technology, have
enabled it to become a state-of-the-art processing method (DebRoy, et al., 2018; Srivastava, et
al., 2022). The process eliminates the requirement of numerous tooling steps of conventional

methods, such as dies and punches. Furthermore, unlike with traditional manufacturing
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methods (namely, casting, forging or extrusion), intricate features (such as contours, holes,
straight cuts and mould cavities) may be implemented in a single step without restraint on the
shapes obtained (Chowdhury, et al., 2022; Srivastava, et al., 2022). In that single step, several
of only the necessary parts may be manufactured and may not require extensive post-process

assembling activities, minimising human intervention (Srivastava, et al., 2022).

The International Organization for Standardization/American Society for Testing and
Materials International (ISO/ASTM) 52900:2021 standard groups AM processes into seven
categories (ISO/ASTM International, 2021). The categories and the types of processes are

outlined in Figure 2.1.
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Additive manufacturing categories

1) Binder jetting

A liquid bonding agent is
2) Direct energy deposition selectively deposited to join
powder materials.

Thermal energy is used to fuse

materials by melting as they are being * Binder jetting (BJ)
deposited.
% Laser engineering net shape (LENS)
% Electron beam additive
manufacturing (EBAM) Material is selectively dispensed
* Laser deposition welding (LDW) through a nozzle or orifice.

L % Fused deposition modelling (FDM)
) el ey % Fused filament fabrication (FFF)

Droplets of feedstock material

are selectively deposited.
5) Powder bed fusion

% Material jetting (MJ)
+ Nanoparticle jetting (NPJ)
+« Drop on demand (DOD)

Thermal energy selectively fuses
regions of a powder bed.

DS

» Selective laser sintering (SLS)
Selective laser melting (SLM)
Electron beam melting (EBM)

6) Sheet lamination Multi jet fusion (MJF)

O o% o
L XA X X

Sheets of material are bonded

to form a part. 7) Vat photo polymerisation
% Laminated gbject Liquid photopolymer in a vat is selectively
manufacturing (LOM) cured by light-activated polymerisation.

¢ Stereolithography (SLA)

« Digital light processing (DLP)

« Continuous liquid interface production
(CLIP)

« Daylight polymer printing (DPP)

Figure 2.1: Seven process categories of additive manufacturing (adapted from ISO (2021))

2.2.1. Laser powder bed fusion

Powder bed fusion (PBF) based AM processes can fabricate metallic parts directly from
numerous engineering alloy powders, such as stainless steel, maraging steel, Ti alloys, cobalt,
chromium and more (Srivastava, et al., 2022). Selective laser melting (SLM, also known as

laser powder bed fusion) and electron beam melting (EBM) are the most commonly used PBF-
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based AM processes (Taghian, et al., 2023). The manufacturing processes of both SLM and
EBM involve melting metallic powder feedstock to form a solid part according to well-defined
CAD data. The difference is that in SLM, a laser beam selectively melts powder layers in an
SLM machine. The beam is controlled by scanning galvanometers, and the process is
conducted in an inert gas atmosphere. In contrast, the EBM machine uses an electron beam to
melt the metal powder, controlled by electromagnetic lenses, and the fabrication occurs in a
vacuum environment (Gong, et al., 2014; Taghian, et al., 2023). The laser beam has a focused
spot size and is able to sinter smaller powder particles than the electron beam, which has a
diffused spot size. As a consequence, SLM produces parts with finer features, resolution and
surface finish than the EBM process (Gong, et al., 2014). Hence, SLM techniques are preferred

for producing high-end components with small production volumes (Taghian, et al., 2023).

Laser powder bed fusion is the standard term for the laser-based PBF processes, which are
denoted in literature by different commercial names depending on the machine manufacturer,
such as direct metal laser sintering (DMLS) for EOS GmbH, LaserCUSING for Concept Laser,
direct metal production (DMP) for Phenix Systems (3D Systems) and selective laser melting
(SLM) for SLM Solutions GmbH, ReaLizer GmbH, Renishaw Group (Udroiu, 2012; Manfredi
& Calignano, 2017). The LPBF process uses a highly energetic laser beam to selectively melt
a layer of metallic powder feedstock, which is laid on a substrate (Caprio, et al., 2018). In true
AM fashion, the process is repeated layer by layer until a part is built. At the start of the process,
a 3D CAD model is digitally sliced into layers of two-dimensional (2D) cross-sections that the
equipment interprets as building instructions (Fox, et al., 2016). A thin layer of powder (20 to
100 um) is spread across a build platform, and a high-power laser is used to selectively melt
regions of the powder layer (Fox, et al., 2016). Once a layer is melted and sintered according
to the corresponding 2D cross-section, the build platform lowers, a new powder layer is spread
across the build platform, and the process repeats until the 3D structure is complete (Fox, et
al., 2016). Laser powder bed fusion fabricates intricate and net-shaped metallic parts directly
from 3D CAD models (Kasperovich, et al., 2016). This renders it highly applicable for the
medical industry, where geometrically complex structures of high-strength materials are
extensively utilised (Kasperovich, et al., 2016; Han, et al., 2023). Figure 2.2 illustrates the

typical components of an LPBF machine.
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Figure 2.2: Schematic of a typical LPBF machine (adapted from Leung et al. (2018))

The properties of AM parts are considerably influenced by the characteristics of the feedstock
materials (Zhao, et al., 2008; Karlsson, et al., 2013). These characteristics include the shape,
size distribution and surface morphology of the particles as well as the composition and
flowability of the powders. Typical powder particle size for LPBF is in the range of 10-60 um
(DebRoy, et al., 2018). The characteristics of feedstock material are controlled by
manufacturing processes, including gas atomisation, water atomisation, rotary atomisation and
plasma rotating electrode processes (DebRoy, et al., 2018; Mathias, et al., 2023). Gas
atomisation is widely used in metal powder production for use in AM due to its advantages,
including high capacity, high flexibility for both elemental and pre-alloyed powder production
and capability of rapidly solidified metal powder production (Mathias, et al., 2023).

2.2.2. Optimising the process parameters of LPBF

A crucial research objective in LPBF technology is to improve the productivity and quality of
the parts. Processing conditions relating to machine settings are usually predefined. Process
parameters are determined mainly based on each powder feedstock composition (Aboulkhair,
et al., 2014; Taghian, et al., 2023). For LPBF systems, over 100 processing parameters may be
defined (Taghian, et al., 2023) and may be classified into four categories, namely, laser-related

parameters, scan-related, powder-related and atmosphere-related (Figure 2.3).
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Figure 2.3: Parameters regulating the LPBF process (adapted from Aboulkhair et al. (2014)
and Taghian et al. (2023))

Essential parameters that determine various solidification cooling rates and thermal gradients
during processing are laser power, scan speed, hatch distance, layer thickness and scanning
strategy. As such, these primary parameters considerably impactthe resultant
microstructure, mechanical characteristics, and overall quality of the LPBF process (Singh, et
al., 2020; Strantza, et al., 2021; Taghian, et al., 2023). Optimisation of the primary process
parameters provides essential information relating to the features of a scan track (Cobbinah, et
al., 2021). The parameters require optimisation for the employed powder alloys and their final
applications to obtain optimally dense parts with high dimensional accuracy and the desired
mechanical properties (Singh, et al., 2020; Strantza, et al., 2021; Taghian, et al., 2023). Figure

2.4 illustrates the process parameters usually studied and optimised for the LPBF process.
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Figure 2.4: Primary process parameters of LPBF (adapted from Cobbinah et al. (2021))

During optimisation, the powder layer thickness and the laser spot size are usually kept
constant. Laser power and laser scanning speed are two process variables that control the
energy input. Laser power is a flexible parameter that may be easily varied over a broad range.
The laser scanning speed is also relatively easy to vary, but it has a quite narrow process
window for the successful fabrication of a high-quality track (Krakhmalev & Yadroitsev,
2014). Figure 2.5 shows the laser-scanning process and the associated thermal and physical
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Figure 2.5: A schematic presentation of LPBF process (adapted from Islam et al. (2024))

18

© Central University of Technology, Free State



O

Central University of
Technology, Free State

The LPBF is a heat-driven process. The source of heat for consolidating the powders is the
laser energy input and is a paramount factor during the process. The laser energy determines
the state of the molten powder, including its melting, vaporisation and sintering states
(Dzogbewu, 2017). As the powered laser ray touches the surfaces of the powder particles and
travels at a certain speed through the powder layer of a particular thickness in vector format,
energy in the form of heat is generated and diffuses inward (Dzogbewu, 2017; Cobbinah, et
al., 2021). The melting state is achieved when the temperature of the generated heat reaches
the melting point of the material and continuous exposure to the laser beam (Cobbinah, et al.,
2021). To obtain stable processing conditions and a highly dense part, the powder bed should
be fully melted (Caprio, et al., 2018).

Energy inputs in AM are quantified as linear, area and volume energy densities E;
(J/mm), E, (J/mm?) and E, (J/mm?), respectively, and defined as (Kenel, et al., 2017; Wang, et
al., 2023a):

Elzg; Eg=—; E,=— Equation 2.1

Where P is the laser power, V is the scanning speed, / is the hatch distance, and ¢ is the powder
layer thickness. Linear and volumetric energy densities are the more commonly considered
quantities for the comparison of processing parameter combinations and their influence on the
observed properties (Kenel, et al., 2017). While linear energy density is effective when
analysing the melt pool geometry of single tracks, volumetric energy density has been shown
to have a direct effect on the mass density of the parts (Majumdar, et al., 2019; Khaimovich, et
al., 2022; Shrestha & Chou, 2022). Process parameters of the LPBF, in conjunction with the
powder energy absorption from the laser irradiation, determine the volumetric energy density
available to heat and melt powders (Cobbinah, et al., 2021). The volumetric energy density
captures the synergistic effect of the LPBF process parameters, simplifying the optimisation
process compared to examining the parameters individually, particularly since they are

mutually dependent for achieving a functional final component.

Yadroitsev et al. (2012) investigated the relationships among the principal LPBF parameters
(namely, laser power, scanning speed, and layer thickness), powder properties, and the

geometrical characteristics of the resultant single tracks. Their results showed that the

19

© Central University of Technology, Free State



O

Central University of
Technology, Free State

behaviour of individual tracks and their geometric characteristics depend on the process
parameters and the physical-chemical and granulomorphometrical properties of the powder.
Each powder showed particular behaviour during the process of single-track formation.
Moreover, Yadroitsev et al. (2012) proposed a hierarchy of process parameters and found that
the most influential parameter was the laser power, followed by the powder layer thickness,

the scanning speed and the particle size in order of decreasing importance.

2.2.2.1. Single tracks and single layers

The properties for components built by the LPBF process depend on the properties of each
single track and each single layer (Dzogbewu, et al., 2017; Cobbinah, et al., 2021). The
characteristics of a track are influenced by the substrate material, laser beam power, scanning
speed, powder layer thickness and properties of the powder used (Cobbinah, et al., 2021). The
width of the scanned tracks is analogous to the laser beam diameter (Yadroitsev, et al., 2010).
Since single tracks are the basic units of LPBF-fabricated 3D objects, it is vital to understand
their characteristics thoroughly. It has been demonstrated that the formability, microstructure,
mechanical properties and residual stress of LPBF parts are all governed by the nature of the
single tracks, which is determined by the molten pool dynamics (Fischer, et al., 2003;

Yadroitsev, 2009; Kdorner, et al., 2011; Dzogbewu, et al., 2017).

Sintering of adjacent single tracks of the molten powder formed along the scanning direction
of the laser beam results in the formation of a single layer. A part is sequentially filled by single
layers of molten powder (Yadroitsev, et al., 2007). Therefore, the surface properties and quality
of the final parts fabricated by LPBF greatly depend on the quality of each single track and
each single layer, and the quality of the interaction between them (Yadroitsev, et al., 2007;

Khorasani, et al., 2020).

2.2.2.2. Laser scanning strategy

When the powder fusion process moves from a single track to a layer, scan spacing in
overlapping tracks and scanning patterns are some of the essential factors considered
(Cobbinah, et al., 2021). The scanning strategy is the manner in which a material is built up by
systematically depositing tracks and layers of the material (Zagade, et al., 2024). It includes
the scanning direction and the arrangement of the scan sequence and affects the cooling time

of fused layers and the overall material properties of the component (Cobbinah, et al., 2021).
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Grain orientations and microstructural texture may be controlled using the laser scanning

strategy (Thijs, et al., 2010).

Laser scanning strategies employed in LPBF construction of various alloys include the
unidirectional and bidirectional (also known as zig-zag) scanning strategies illustrated in Figure
2.6 (Dzogbewu, 2017; Zagade, et al., 2024). The scanning vectors and consecutive layers in
these scan strategies are rotated at 67°, 90° (orthogonal) or 180° (N + 1) with the purpose of
increasing the homogeneity of the energy input (Cobbinah, et al., 2021). Dewidar et al. (2003)
studied different laser scanning strategies for a pre-alloyed steel powder and found that the zig-
zag strategy produced coherent, uniform layers. Vrancken et al. (2014) scanned layers in a
continuous laser mode, using a zig-zag pattern and a 90° rotation between layers and optimised
the scanning strategy to obtain fully dense, high-quality Ti6Al4V products. Hatch distances of
below 60 um have been found to result in considerable pore formation in the boundary regions
of the LPBF samples (Kasperovich, et al., 2016). Consequently, hatch distances lower than 60
um are not recommended when a zig-zag laser strategy is employed (Kasperovich, et al., 2016).
Thijs et al. (2010) used three different scanning strategies (Figure 2.6), namely unidirectional
scanning, identical scanned layers using zig-zag vectors and the cross-hatching technique (that
is, 90° rotation between layers) using zig-zag scan vectors. They found that the orientation of
the grains — and hence the microstructural texture — is highly dependent on the scanning
strategy.
N A A Building direction

Building direction Building direction z-axis
Top z-axis Z-axis

Y.

Front Y 2xis
& Scanning direction &5canning direction 4 Scanning direction
X-axis x-axis X-axis
(i) (ii) (iii)

Figure 2.6: Scanning strategies of (i) zig-zag scan vectors with no rotation between the layers,
(i1) unidirectional scan vectors, and (ii1) zig-zag scan vectors with 90° rotation between the

layers (adapted from Thijs et al. (2010))

The scanning strategy for LPBF processing may also include re-scanning or re-melting for

some materials. As the name suggests, the re-scanning strategy involves the re-melting of

21

© Central University of Technology, Free State



O

Central University of
Technology, Free State

already scanned layers of a component or only of the top surface (Cobbinah, et al., 2021). The
re-scanning strategy during the LPBF process permits the deposition of a higher energy density
compared to a single scan strategy (Kenel, et al., 2017). Studies have shown the advantages of
using the rescanning strategy, including improving density, enhancing surface quality,
increasing wear resistance and releasing entrapped gases (Morgan, et al., 2002; Lamikiz, et al.,
2007; Yasa, et al., 2011; Kang, et al., 2017). Rashid et al. (2017) demonstrated that a re-
scanning strategy greatly influences the microstructure and density of LPBF components. The
authors reported higher density and microhardness in parts printed with a double-scan strategy
than in those printed with a single-scan strategy, under both as-fabricated and heat-treated
conditions. The differences in density and hardness were attributed to changes in the
microstructure during single- to double-scanning. The parameters of re-scanning may vary
from the scan parameters. Hence, re-scanning parameters also need to be optimised to be

helpful during the LPBF process (Cobbinah, et al., 2021).

2.2.2.3. Defects in LPBF 3D object

Despite the advantages, several challenges are associated with LPBF methods. The majority of
current AM processes are at the development stage, and the obstacle to LPBF is understanding
the relationship between material properties, processing parameters, and final part properties
(Chowdhury, et al., 2022; Srivastava, et al., 2022). There are requirements for highly dense
parts obtained from high cooling rates, which affect the microstructures (Chowdhury, et al.,
2022). Moreover, variations in material properties such as conductivity and reflectivity
complicate the optimisation of process parameters (Khorasani, et al., 2020; Chowdhury, et al.,
2022). Figure 2.7 shows the surface of an as-fabricated LPBF part, illustrating common flaws
that may occur in solid material due to material variations and inadequate parameter

optimisation. These flaws are related to the defects of the final components.
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Figure 2.7: As-built LPBF surface (adapted from Fox et al. (2016))

Minor differences between LPBF-manufactured and conventionally produced parts include
defects, residual stresses, and anisotropy, which are unique to AM processing and lead to
inferior mechanical and other properties of the manufactured parts (Aboulkhair, et al., 2019;
Srivastava, et al., 2022). Research has indicated that LPBF-built parts are prone to the presence
of defects that influence mechanical properties (Gong, et al., 2014). Non-optimal process
parameters are associated with inner defects, such as unmolten powder particles, spherical
entrapped gas bubbles, cracks, and other local irregularities (Kasperovich, et al., 2016).

Common defects associated with AM processes based on laser sintering are shown in Figure

2.8.
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Figure 2.8: Defects of the LPBF process

Porosity is one of the most commonly occurring and detrimental defects to LPBF 3D metal
objects, and it directly affects the density of the final part (Khorasani, et al., 2020; Cobbinah,
et al., 2021). The causes of pore (or void) defects include the emergence of a keyhole, gas
entrapment, and lack of fusion between tracks or layers, leading to microscopic pores;
insufficient penetration of subsequent layers into a substrate; and others (Cao, et al., 2021; Wu,
et al., 2021). The balling effect, also called bead up, is a defect caused by underlying surfaces
that are not wetted by the liquid material, resulting in the formation of beaded scan tracks and
thus increasing surface roughness and porosity (Calignano, et al., 2013; Mostafaei, et al., 2022).
The laser-induced balling effect influences the densification activity of LPBF-processed parts.
The balling effect occurs when the molten powder has low viscosity and is unable to completely
wet the substrate due to surface tension, resulting in the formation of isolated spheres with a
diameter equal to that of the focused laser beam. Balling hinders deposition, increases porosity
and affects the density of the final part (Das, 2003; Cobbinah, et al., 2021). Defects such as
porosity, balling and cracking affect the fatigue performance of LPBF-produced parts
(Chowdhury, et al., 2022). These need to be addressed for high-performance requirements,
such as in clinical applications (Chowdhury, et al., 2022).
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2.2.2.4. Residual stress

The rapid melting-solidification transformation during the LPBF process is accompanied by
considerable accumulated stresses (Srivastava, et al., 2022). Laser powder bed fusion in situ
alloys fabricated from Ti6Al4V powder are able to reach maximum heating and cooling rates
of the order of 10° °C/s (Cao, et al., 2021; Sing, et al., 2021). Residual stress from the melting
and cooling processes and high thermal gradients may lead to the initiation of cracks, distortion
and delamination of the final product (Strantza, et al., 2021; Chowdhury, et al., 2022). Cracks
are mainly prominent along grain boundaries since the temperature varies for each layer. If
stress at the interface exceeds the yield strength of the alloy, mutual separation of layers or
delamination occurs (Srivastava, et al., 2022). Therefore, the residual stress prevalent in an
LPBF component, combined with an external load, may have a detrimental impact on the

performance lifetime of the component (Strantza, et al., 2021).

Heat treatment is often employed to reduce the residual thermal stresses and optimise the
microstructure of the fabricated products (ASM International Handbook Committee, 1991). In
addition, a post-processing step (such as conventional machining or grinding) is required to
obtain a high-quality surface finish of the parts or high-dimensional accuracy (Cobbinah, et al.,
2021). Optimisation of the process parameters and control of the melt pool during
manufacturing may result in lower temperature gradients, thereby reducing residual stresses
(Beuth & Klingbeil, 2001; Shamsaei, et al., 2015). In essence, strategies to control the thermal

gradient are effective in preventing the residual stress profile (Strantza, et al., 2021).

The thermal properties are dependent on the employed material (Strantza, et al., 2021). For
instance, thermal gradients in a material with low thermal conductivity, high specific heat
capacity, high coefficient of thermal expansion and high density yield high thermal stresses
(Dieter, 1961). The material is selected based on the intended application of the part, and thus,
it is not free to adjust. A better option is to modify the building process. For any given AM
technique, the process parameters and build strategy are manipulated to affect the thermal
profile and, thus, control the final residual stress profile (Strantza, et al., 2021). Ali et al. (2018)
and Strantza et al. (2021) investigated the effect of laser scanning strategy on residual stress
distributions in LPBF Ti6Al4V components and found that the scanning strategy greatly
influences the residual stress and that a continuous scan strategy with a track orientation rotated
from 0° to 90° between layers reduced the residual stress. Robinson et al. (2018) found that the

residual stress in LPBF cpTi components was primarily generated parallel to the direction of
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scanning. Laser scanning strategy influences the microstructure and overall residual stress

within the final component (Cobbinah, et al., 2021).

2.2.2.5. Effect of process parameters on 3D part defects

A combination of low laser power and low scanning speed produces insufficient energy density
to generate sufficient liquid phase for the sintering of powder particles (Olakanmi, et al., 2015).
This results in partial melting (that is, selective laser sintering) and poor densification.
Increasing the laser power while maintaining a low speed means more energy is delivered to
the powder bed, causing the powder temperature to increase, followed by a significant
formation of the molten phase (Olakanmi, et al., 2015; Cobbinah, et al., 2021). The adequate
liquid phase improves densification by reducing surface free energy, surface tension and melt
viscosity. Therefore, it may be deduced that proper increments in the laser energy lead to high
working temperature and culminate in a reduction in pore size and quantity, hence achieving

fully dense components (Yadroitsev et al., 2013).

Overheating a powder particle tends to move it rapidly, generating overpressure in the melted
zone and eventually ejecting the particle from the powder bed in the form of spatter and
partially melted particles (Das, 2003; Korner, et al., 2013; Yadroitsev, et al., 2013). A high
laser power with a low scanning speed may cause vaporisation of the powder particles and the
keyhole effect. It may also cause a higher peak melt pool temperature that induces a more
intense Marangoni flow, which may lead to the Plateau-Rayleigh instability and balling
(Krakhmalev & Yadroitsev, 2014; Cao, et al., 2021). Additionally, increasing the laser energy
density beyond the optimum range results in a decreased sintered density. In this condition,
higher laser power increases the amount of liquid phase, but a reduced scan speed prolongs its
presence, thereby promoting spheroidisation (commonly referred to as the balling effect in

LPBF) of the melt pool and its breakdown (Das, 2003).

Unlike laser power, laser scanning speed has a narrow process window for attaining optimum
conditions (Krakhmalev & Yadroitsev, 2014). At an optimal laser power, too slow a scanning
speed may result in extensive material evaporation and the keyhole effect, while too fast a
scanning speed may result in track instability and the occurrence of balling (Krakhmalev &
Yadroitsev, 2014). The high scanning rate reduces the interaction time, and high scanning
speed with low laser power (that is, low laser energy) forms a small molten pool, limiting the

contact area between the molten pool and the substrate. This results in balling due to reduced
26

© Central University of Technology, Free State



O

Central University of
Technology, Free State

wettability, flow and spread characteristics, and Rayleigh instability (Khorasani, et al., 2020;
Cobbinah, et al., 2021). On the other hand, when the laser scanning speed is high, heat loss by
conduction decreases, and the absorbed laser radiation energy is directed to fusing the material
(Figure 2.5) (Cobbinah, et al., 2021). A combination of low laser power, high scanning speed
and a thick powder layer also usually results in insufficient energy (Olakanmi, et al., 2011).
With a larger powder layer thickness, the energy absorbed in a unit powder volume is
inadequate, resulting in a weak flow ability and balling phenomenon (Li, et al., 2012). A thin
powder layer is favourable for forming a continuous laser-liquefied scan track and overall

success of the LPBF process (Cobbinah, et al., 2021).

Surface properties may be studied to clarify the occurrence of defects, as poor surface finish is
common in LPBF parts (Aboulkhair, et al., 2019). Material characteristics and process
parameters are prime factors affecting surface quality during the LPBF process (Khorasani, et
al., 2020). Comprehending the surface characteristics is required to determine their effects on
part properties and in designing parts with improved performance. Additionally, surface
roughness has the potential to be used as a process signature (Fox, et al., 2016). The surface
roughness in LPBF parts is about 4-5 times that of the machined surfaces (Aboulkhair, et al.,
2019). Surface defects arising from surface roughness are also among the major defects of the
LPBF process. These defects are caused by high cooling rates and repeated thermal loading
(Singh, et al., 2020). The high surface roughness is mainly attributed to the balling phenomenon
and the presence of satellites (formed by spattering and/or partial melting of particles in the
peripheral zone of the laser spot, illustrated in Figure 2.5), which together result in producing
parts with a wide range of surface irregularities (Yadroitsev, et al., 2013; Aboulkhair, et al.,
2019). The interaction between the laser beam and the powder bed, and the consequential
development of various thermal models arising from the combination of material thermal
nonlinearity, latent heat, and laser heat source distribution, generates various surface qualities

(Khorasani, et al., 2020).

Using higher powers decreases the surface roughness by increasing the wettability of the melt
pool and reducing the formation of balling. However, increasing the scan speed reduces the
surface quality of the parts (Khorasani, et al., 2020). Low hatch spacing may result in large
overlapping of melt tracks and increase the surface roughness, while larger hatch spaces reduce
surface roughness, but may decrease part density (Islam, et al., 2024). Inappropriate scan hatch

spacing often results in regular porosity in built parts as adjacent melt lines do not fuse fully
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(Cobbinah, et al., 2021). Pores are typically two scan vectors apart and initiate at the single-
layer level (Dewidar, et al., 2003). These types of pores may be eliminated by appropriate
overlapping of adjacent scan tracks (Cobbinah, et al., 2021). Particle size and distribution also
affect the quality of LPBF parts. Powders with coarser particles increase surface roughness and
porosity (Khorasani, et al., 2020). Cracks formation is mainly attributed to the scanning
strategy due to the band heating. A post-processing treatment may be effective in closing the
cracks (Cobbinah, et al., 2021). Kenel et al. (2017) demonstrated that re-scanning at a rotation
of 90° reduced cracking by a factor of two. Techniques to process the surface of a part during
and after construction exist. However, with complex shapes, the options to successfully post-
process the surface decrease. Thus, the quality of the as-built surface is an integral feature for

AM (Fox, et al., 2016).

When the process parameters are not optimised, inner defects may occur (Kasperovich, et al.,
2016). The defects that occur during LPBF negatively affect the process and surface quality of
the produced parts (Khorasani, et al., 2020). Optimisation and selection of appropriate
processing parameters for the laser and powder deposition are paramount to attain a suitable
process window (Cobbinah, et al., 2021). Therefore, it is compulsory to optimise the process
parameters (Khorasani, et al., 2020). Other properties, such as high density, minimal surface
roughness and reduction in defects and stresses, should also be maintained, which narrows the

available window for optimising the process parameters (Strantza, et al., 2021).

2.3. LPBF for medical implants

Laser powder bed fusion has been increasingly popular in recent years for manufacturing
medical implants or devices with higher design freedom and capabilities of producing patient-
specific implantable devices from CAD data derived from the patient’s own medical imaging
(DebRoy, et al., 2018; Haase, et al., 2023). As a result, additively manufactured implants for

clinical use are already being approved for commercial exploration (Haase, et al., 2023).

2.4. Biomaterial for medical application

Materials compatibility is the most crucial aspect to be considered for successful medical and
dental implantation (Jemat, et al., 2015). Biomaterial science and technology have been rapidly
developing since the late 1990s, attesting to a strong vitality and broad development prospects.
Biomaterials are not necessarily drugs, and their therapeutic mechanisms are characterised by

direct binding and interaction with biological components as a fundamental feature (Han, et
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al., 2023). There are numerous types of artificial biomaterials, including metals, polymers,
ceramics, composite materials and derived materials (Kurup, et al., 2021; Han, et al., 2023).
Substantial research has been conducted in the development of polymers and ceramics for
biomedical applications (Kurup, et al., 2021). Biomedical metallic materials are the most
widely used load-bearing implant materials in clinical applications due to their superior
mechanical properties, resistance to wear and corrosion, high fatigue resistance and potential
for biocompatibility (Kurup, et al., 2021; Zhang, et al., 2021a; Han, et al., 2023). In addition,
metals and alloys are compatible with most AM techniques. Based on their primary application,
metallic biomaterials are classified into four categories as implants: cobalt-based alloys,
stainless steels, titanium-based alloys and others (Garcia-Falcon, et al., 2021). Each type of
material has its own advantages, particularly suitable for specific biomedical applications
(Ribeiro, et al., 2012; Kim, et al., 2020). The use of Ti for biomedical applications was first
discovered in 1940 (Jambhulkar, et al., 2023). Over the decades, pure Ti and Ti6Al14V alloy,
as one class of the most promising biomaterials, have gradually replaced both stainless steel
and cobalt-based alloys in many medical applications, especially in orthopaedic and dental

areas (Ren, et al., 2014).

Biomaterials are intended for medical applications in contact with living organisms and should
thus be thoroughly studied to ensure their safe use in the human body (Garcia-Falcon, et al.,
2021). Biocompatibility requires that biomaterials possess both structural and surface
compatibility with the host tissue without triggering an immune response, and hence,
mechanical and physico-chemical compatibility are also necessary. Therefore, research on
biomaterials represents an interdisciplinary conjugal effort and requires the collaboration of
various engineering disciplines, pathologists and clinicians (Ribeiro, et al., 2012; Garcia-

Falcon, et al., 2021; Kurup, et al., 2021).

2.5. Titanium and alloys as implants

Commercially pure Ti (cpTi) is divided according to the purity and the processing oxygen
content into four grades from Grade 1 to 4 (McCracken, 1999; Liu, et al., 2017). These grades
vary in their corrosion resistance, ductility, and strength. Grade 1 cpTi, which is processed with
the lowest oxygen content (about 0.18%), has the highest purity, the best corrosion resistance
and formability. However, the overall mechanical strength is the lowest. Grade 4 c¢pTi, which
is processed with the highest oxygen content (about 0.4%), is the least pure with moderate

formability; however, it has the highest strength (Liu, et al., 2017). The conditions and
29

© Central University of Technology, Free State



O

Central University of
Technology, Free State

parameters may be altered during the manufacturing of Ti and its alloys to produce parts with

different mechanical properties for different applications (Kim, et al., 2020).

Ofall Ti alloys, Ti6Al4V (titanium—6 weight percentage (wt.%) aluminium—4 wt.% vanadium,
may be written as Ti64 or Ti-6Al-4V) or Ti6Al4V ELI (exhibiting an extra low amount of
interstitials, hence termed “ELI”) is the most significant, even preferred over cpTi in most
implant applications as may be seen in Figure 2.9 (Jambhulkar, et al., 2023). Ti6Al4V is
favoured especially for load-bearing orthopaedic implants, while cpTi is a common constituent
of dental implants (McCracken, 1999; Pye, et al., 2009; Wang, et al., 2023b). During daily
activities such as walking and chewing, heavy loads are transferred to bone tissue; thus,
artificial implants intended to replace the bone should be load-bearing to some extent (Bosco,
et al.,, 2012). Additively manufactured Ti6Al4V parts are of broad interest for biomedical
implants such as dental and orthopaedic implants (Gong, et al., 2014; Kasperovich, et al.,
2016). Furthermore, LPBF of Ti6Al4V has progressively improved with respect to process
optimisation and property characterisation, and the components are widely used in various
fields, including medicine (Gong, et al., 2014; Vergara-Hernandez, et al., 2023). The Ti6Al4V
alloy is particularly interesting owing to its high strength-to-weight ratio and low density

(Kasperovich, et al., 2016; DebRoy, et al., 2018).
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Figure 2.9: Application of cpTi and Ti-based alloys as implants in the human body (adapted
from Sarraf et al. (2022))
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Titanium and Ti alloys have been extensively studied due to their attractiveness for various
applications and have a spectrum of medical applications, including hard tissues such as bone,
joints and teeth, and soft tissues such as cardiovascular tissues and artificial organs (Kurup, et
al., 2021; Han, et al., 2023). They are used extensively as implant materials due to their
outstanding mechanical properties, such as good formability and machinability, high strength,
fracture resistance and good fatigue behaviour. Furthermore, their torsional and axial stiffness
are closer to those of bone, resulting in less stress shielding of bone compared with other alloys
(Ribeiro, et al., 2012; Kurup, et al., 2021; Jambhulkar, et al., 2023; Vergara-Hernandez, et al.,
2023). Other essential requirements of biomaterial that are met by Ti alloys include excellent
biocompatibility, low density (about 60% of that of steel) and excellent corrosion resistance in
corporal fluids (Gong, et al., 2014; Donachie, 2020). In addition, the attraction to Ti is
augmented by the increasing cost of other biometals, such as palladium (Pd) and gold (Au)
(Kurup, et al., 2021). Titanium is readily available since its natural mineral deposits are

available in abundance, and it is a commercial material (Jambhulkar, et al., 2023).
Titanium is allotropic and has two elemental crystal structures (

Figure 2.10) (ASM International Handbook Committee, 1991). In the one crystal structure, the
atoms are arranged in a hexagonal close-packed (hce) array, and this structure forms the alpha
(a) alloys. In the other crystal structure, the atoms are arranged in a body-centred cubic (bcc)
array, and this structure is found in the beta (B) alloys (ASM International Handbook
Committee, 1991; Donachie, 2020). At room temperature, cpTi is a in structure. The B structure
occurs at high temperatures and when cpTi is alloyed with elements to maintain it at lower
temperatures (ASM International Handbook Committee, 1991; Donachie, 2020). The addition
of alloying elements to cpTi produces a range of possible microstructures in Ti alloys
(Donachie, 2020). Titanium and its alloys are generally classified based on the content of a-
and B-phases as a, o+ and f alloys, as illustrated in Figure 2.11, with further subdivision into
near-o and near-f alloys (Motyka, 2021). The majority of the investigations of cpTi and
Ti6Al4V focus on the direct relations between mechanical properties and either processing

parameters or microstructure (DebRoy, et al., 2018).
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Figure 2.10: Titanium phases and main transformation temperatures (adapted from Cao et al.

(2021) and Farrokhi (2023))
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Figure 2.11: Different types of stabiliser in titanium alloys (i) neutral, (ii) a-stabilising, (iii) B-
stabilising (isomorphous, for example, Ti6Al4V), and (iv) B-stabilising (eutectoid, for
example, binary titanium-copper diagram) (adapted from Ahmad & Zuhailawati (2020))

Allotropic transformation a<«>f is considered a primary phase transformation in Ti and may
result in the possibility of martensite formation in Ti alloys. During heating of Ti above the 3-
transus temperature of about 882 °C, a (hcp) transforms into  (bec), and the § phase persists
up to the melting point of approximately 1668 °C (ASM International Handbook Committee,
1991; Motyka, 2021). During cooling, the reverse transformation B—a occurs (Motyka, 2021).
When the cooling rate is low, the allotropic transformation B—a proceeds by nucleation and
growth of new phase crystals, whereas at a high cooling rate, it exhibits features of a martensitic
transformation (that is, the formation of fine laths of a’acicular martensite) (Motyka, 2021).
Needle-shaped o' martensite is a non-equilibrium phase with deformed lattice structures and
has been shown to exhibit higher strength and reduced plasticity than other microstructures
(Liu & Shin, 2019). Heat treatment may resolve the presence of acicular o’ martensite laths.

The Ti6Al4V alloy is classified as an a+f alloy that contains 6 wt.% aluminium as the o
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stabiliser and 4 wt.% vanadium as the [ stabiliser. The B-transus temperature of Ti6Al4V is
approximately 995 °C under equilibrium conditions, and above this temperature, Ti6A14V
becomes completely B-phase until its melting point of about 1660 °C (Bartolomeu, et al.,

2022).

The final microstructures of Ti alloys are described by the size and arrangement of their a- and
B-phases and are highly correlated to the cooling rate that occurs from above the B-transus
temperature (Fan, et al., 2016; Bartolomeu, et al., 2022). Figure 2.12 illustrates the
microstructures of the as-printed LPBF c¢pTi and Ti6Al4V, and Ti6Al4V that has been heat
treated under various conditions. The two extreme cases of phase arrangement are lamellar
(Figure 2.12(iv) and (v)) and equiaxed (Figure 2.12(v)) microstructures (Avila Calderén, et al.,
2022). The lamellar microstructure is generated upon cooling from the B-phase and has a
greater o/ surface area and more oriented colonies (Fan, et al., 2016). The equiaxed
microstructure results from a recrystallisation and globularisation process and consists of a
uniform structure composed of a grains and grain boundaries of § (Loier, et al., 1985; Fan, et

al., 2016).
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Figure 2.12: Microstructure illustrations of LPBF-processed (i) cpTi in the as-printed state
(adapted from Pede et al. (2021)), (ii) as-built Ti6Al4V, and (iii) to (v) heat-treated Ti6Al4V

(adapted from Lekoadi et al. (2021))
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Research indicates that lamellar microstructure exhibits lower strength and ductility and better
fatigue propagation, while equiaxed microstructure provides better fatigue initiation resistance
than lamellar microstructure (Loier, et al., 1985; Fan, et al., 2016). A combination of lamellar
and equiaxed microstructures is called bimodal microstructure (Figure 2.13(i)) and exhibits a
well-balanced fatigue properties profile, since it combines the advantages of both lamellar
microstructure (higher fatigue crack propagation resistance) and equiaxed microstructure
(higher fatigue crack initiation resistance) (Fan, et al., 2016; Yang & Liu, 2016). Regarding
Young’s modulus, the B-phase Ti provides a lower elastic modulus compared to the a-phase Ti
(Xiao, et al., 2023). A mismatch of elastic modulus between natural bone (10-30 GPa) and
bulk metallic biomaterials (~110 GPa for Ti) may lead to stress shielding, which may cause
bone resorption and loosening of the implant (Zaman, et al., 2015). Widmanstitten
microstructure (Figure 2.13(ii)) may be formed in Ti6Al4V during heat treatment when
materials are cooled at a critical rate from extremely high temperature (Fan, et al., 2016). For
instance, Ahmed & Rack (1998) demonstrated that, for heat treatment at 1050 °C for 30 min
and at a low cooling rate (<20 °C s!), a colonies change into a basket-weave structure (Figure

2.13(ii)), which is a characteristic of the Widmanstdtten structure.

y
-

b
(ad

Figure 2.13: Optical micrographs illustrating (i) bimodal, and (i) Widmanstitten
microstructures (adapted from Hosseini et al. (2017))

Figure 2.14 demonstrates the development of the microstructure of LPBF Ti6Al4V with
changes in the temperature for heat treatment, while Figure 2.15 illustrates the effect of the
heat treatment on the microstructure and resultant mechanical properties. Titanium and its
alloys are heat-treated for various benefits. These include reducing residual stresses developed
during fabrication (stress relieving), producing an optimum combination of ductility,

machinability and dimensional and structural stability (annealing), increasing strength
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(solution treating and ageing), and optimising special properties such as fracture toughness,

fatigue strength and high-temperature creep strength (ASM International Handbook
Committee, 1991).
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Figure 2.14: Microstructure development of Ti6Al4V with variation in heat treatment

temperature (adapted from Jambhari et al. (2023))
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Figure 2.15: Effect of heat treatment on the microstructure and mechanical properties of LPFB

Ti64 samples (adapted from Jamhari et al. (2023))

37

© Central University of Technology, Free State



O

Central University of
Technology, Free State

2.5.1. In situ alloying with copper

Manufacturing of some alloys by conventional methods is restricted by immiscibility of
elements, narrow solubility ranges, or the risk of precipitation of undesirable intermetallic
phases (Krakhmalev, et al., 2017). Achieving alloying in situ during the manufacturing process
is a unique opportunity for LPBF (Sing, et al., 2021). The technology combines powder
metallurgy: a wide range of powders is blended, then the mixture is fully melted and rapidly
cooled, preventing the formation of undesirable phases. Consequently, LPBF offers a greater
opportunity to manufacture customised implant materials and design new alloys with
compositions often impossible for conventional methods (Krakhmalev, et al., 2017). Selecting
processing parameters that guarantee efficient in situ alloying is a challenge that requires a
trade-off (Krakhmalev, et al., 2017). When the input energy density is too high, deep re-melting
of the substrate may occur, resulting in a keyhole mode and formation of pores in the molten
pool (Yadroitsev, et al., 2012; Yadroitsava, et al., 2015a). When the laser power density is low
and the scanning speed is high (that is, the input energy is low), the molten pool temperature is
low, leading to increased viscosity, which may result in droplet formation and insufficient
mixing (Yadroitsev, 2009). For successful in situ alloying, the molten metal should have low
viscosity, and the molten state should persist long enough to ensure optimal homogeneity of
the elements. Concurrently, the conditions should be within the range of the operation window

required to manufacture high-quality 3D objects (Yadroitsev, et al., 2015b).

Laser powder bed fusion has been experimentally proven as a suitable method for
manufacturing novel components from elemental powders using in situ alloying (Krakhmalev,
et al., 2017). Cui et al. (2024) alloyed steel and Al alloy using LPBF and achieved their aim of
fabricating multi-material components by effectively controlling additive manufacturing
parameters. Huber et al. (2021) successfully in situ alloyed Ti with four powder elements
(namely, tungsten, tantalum, molybdenum and niobium) using LPBF and Aota et al. (2020) in
situ alloyed elemental powders (namely, iron, chromium and nickel) to build AISI 304 L steel
parts via LPBF. In addition to the general requirements of densification and defect reduction,
process parameters for alloying need to be carefully fine-tuned to obtain chemical homogeneity
(Aota, et al., 2020). The applied processing parameters should produce large molten pools,
while maintaining the energy density below the keyhole porosity threshold, to promote the
formation of a chemically homogeneous alloy directly after the LPBF process, without any

post-process heat treatment (Aota, et al., 2020). Krakhmalev & Yadroitsev (2014)
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demonstrated that optimising process parameters, increasing laser power, or adopting a re-

melting strategy, improves the homogeneity of LPBF intermetallic materials.

Since each material has specific laser absorbance and thermal properties, extensive
experimental work should be conducted to obtain processing windows for new material
systems that allow the production of parts with desired properties (Sing, et al., 2021). Due to
the discrete nature of these processing windows, performance degradation may occur when
applied to other materials (Sing, et al., 2021; Narasimharaju, et al., 2022). Fischer et al. (2016)
study showed that the LPBF process may be utilised to fabricate a homogeneous alloy from
mixed powders. The authors also found that high energy levels produce homogeneous and
compact samples. Similarly, according to Dadbakhsh & Hao (2014), uniformly distributed
ultrafine particles may be consolidated into a net-shape composite part by applying a lower

layer thickness, a higher laser power, and a lower scanning speed.

Despite the impressive track record, some advantages of Ti and its alloys have allied
disadvantages. For example, the low modulus of elasticity, high strength at elevated
temperatures, low thermal conductivity and high chemical reactivity translate to relatively poor
machinability or grindability of the Ti material (Ren, et al., 2014). To marginalise these flaws,
studies have reported that adding small quantities of Cu to pure Ti and Ti6Al4V alloy during
the melting process developed a Ti alloy with better grindability and wear resistance (Ren, et
al., 2014; Ju, et al., 2023). Ohkubo et al. (2003) demonstrated that adding Cu improves the
wear resistance of as-cast pure Ti and Ti64 alloys as a result of including the eutectoid -
Ti/T12Cu in their microstructure. Figure 2.16 shows a proposed sequence of particles melting

during LPBF of in situ alloyed Ti-Cu particles.
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Figure 2.16: Possible melting process of in situ alloying of Ti and Cu during LPBF process
(adapted from Mosallanejad et al. (2021))

Using a digital simulation technique, Vilardell et al. (2020) simulated the Ti6Al4V-Cu phase
diagram to identify the phases under equilibrium conditions. As illustrated in Figure 2.17, the
B-transus of Ti6Al4V was located at a temperature of approximately 920 °C. The diagram also
indicates a decrease in B-transus with increasing Cu content, reaching around 820 °C at 4.1
wt.% (3 at.%) Cu due to its B-stabilising effect. Similar microstructural features were observed
in material manufactured using LPBF at specified process parameters (Vilardell, et al., 2020).
It was postulated that the addition of Cu may enhance the formation of retained B-phase during
the LPBF process. Due to the limited solubility of Cu in a-Ti, an intermetallic CuTi2 phase is
formed, leading to a ternary-phase region of a+3 + CuTiz. The possibility has been reported of
a two-phase eutectoid reaction f—a+CuTiz occurring at higher Cu content in a Ti—Al-V-Cu

quaternary system, as in a Ti—Cu binary system (Vilardell, et al., 2020; Ju, et al., 2023).
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Figure 2.17: A calculated Ti—Al-V—Cu quaternary phase diagram (adapted from Vilardell et
al. (2020))

2.5.2. Cu as an antibacterial agent

Despite the high success rates of implant treatment, the risk of postoperative bacterial infection
at the surgical site haunts many medical practitioners (Ribeiro, et al., 2012; Li, et al., 2024).
Approximately two million nosocomial infections occur in the United States each year, of
which about 30-50% are related to implants (Cao, et al., 2019). A ten-year study by Onuoha et
al. (2019) identified infection as the leading factor in implant failure, and was associated with
40% of the failed implants. The infection rates of periprosthetic joint infections are 0.5-2%, 2—
9% and 0.3—1.7% after total joint replacement of the knee, hip and ankle, respectively (Li, et
al., 2016). Therefore, implant-associated infection is considered to be one of the most serious
complications of prosthetic implants (Li, et al., 2016). Causes of postoperative implant
infection include surgical instruments due to insufficient sanitation, bacterial strains introduced
into the surfaces of metallic implants and wound contamination during and after surgery (Al-
Khateeb, et al., 2023; ElectrospinTech, 2024). Infection may result in increased healthcare
expenses and patient misery arising from long-term hospitalisation, revision surgeries,

definitive failure of the implants, and even death (L1, et al., 2016; Al-Khateeb, et al., 2023).

Although Ti and alloys have numerous benefits as commonly used biomaterials in endosseous
implants and in orthopaedic applications, Ti is biocompatible and lacks inherent antibacterial

characteristics, which allows pathogens to use the implant surface as a substrate for
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colonisation and biofilm formation, leading to prolonged infections, particularly in clinical
settings because of compromised host defence (Li, et al., 2016; Haq, et al., 2024; Li, et al.,
2024). The selection of an antibacterial alloying element should satisfy the basic requirements
of having bactericidal activity, should not have a negative impact on the mechanical property
of the matrix alloy and should not trigger the host’s innate immune response (Zhang, et al.,
2013). For biomedical applications, several metal ions, like copper (Cu), silver (Ag) and zinc
(Zn) have been described as effective antibacterial agents against a broad spectrum of
bacteria (Zhang, et al., 2013; Li, et al., 2016). Copper and Ag are the most prominent elements
added to metals to induce the antibacterial properties in alloys (Wu, et al., 2020). Like Ag, Cu
has shown success as an alloying metal with a variety of biometals, including Ti and stainless
steel, and has been well-established as a potent antibacterial agent with a vast spectrum of
activity against numerous bacteria and low incidence of resistance (Ren, et al., 2014; Li, et al.,

2016; Wu, et al., 2020; Ju, et al., 2023).

In contrast to Ag, Cu is an essential trace element (that is, a micronutrient) required for human
health. Furthermore, Cu has lower toxicity, better cytocompatibility, excellent chemical
stability and is more cost-effective than Ag and Zn (Zhang, et al., 2013; Lei, et al., 2019; W,
et al., 2020; Yuan, et al., 2021; Xu, et al., 2023). Studies reported that a relatively low
concentration of Ag" and Zn*" ions (LDso = 3.5 x 10 mmol/l) may be greatly toxic to the
tissue cells; however, a relatively higher concentration of Cu®* ions (LDso = 2.3 x 10! mmol/l)
did not exhibit a toxic effect on the cells (Ren, et al., 2014). In other words, the human body is
able to tolerate higher amounts of Cu ions than other antibacterial metallic elements (Ren, et
al., 2014). Noteworthy, the Recommended Dietary Allowance (RDA) for Cu is 900 um for a
healthy adult human (National Institutes of Health, 2022).

As an essential nutrient vital to the health of all living organisms (including humans, animals,
and microorganisms) and at controlled concentrations, Cu is indispensable for the efficient
functioning of organs and metabolic processes (Ahire, et al., 2016; Ju, et al., 2023). As such,
Cu is essential for the formation of red blood cells, the absorption and utilisation of iron, the
metabolism of cholesterol and glucose, and the synthesis and release of life-sustaining proteins
and enzymes (Zhang, et al., 2013; Chen, et al., 2021). Furthermore, Cu stimulates the immune
system to fight infections and promote healing (Ju, et al., 2023), which emphasises the
preference of Cu as a biomedical material. Copper exists in various forms (such as Cu’, Cu®,

Cu?*, CuO, CuO2 and Cu(OH),), and each form behaves differently in different media
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(Manakhov, et al., 2021). For instance, it was shown that CuO> has considerably higher
antibacterial activity compared to Cu(OH)> (Manakhov, et al., 2021).

2.5.2.1. Copper oxide nanoparticles

The recent advances in the field of nanotechnology enable the invention of new techniques for
the preparation of antimicrobial agents against microbes (Haider, et al., 2015; Mufioz-Escobar,
et al., 2019; Li, et al., 2024). Nanomaterials, such as nanoparticles (NPs), provide a higher
surface area-to-volume ratio (Munoz-Escobar, et al., 2019). Studies prompt that inorganic
antibacterial agents such as metal/metal oxide NPs have potent roles as antimicrobial agents
and preferable thermal stability (Chatterjee, et al., 2014; Chen, et al., 2021). Antimicrobial
activity of the NPs depends on their size, stability and concentration of the NPs in the medium
(Haider, et al., 2015). Due to their large surface-to-volume ratio and crystalline structure, NPs
elicit biological responses distinct from those elicited by the traditional ionic form of the
metals. Additionally, metallic NPs were found to be substantially less toxic to mammalian cells
than their ionic counterparts (Chatterjee, et al., 2014). Nanoparticles have thus received

significant consideration in the medicine field (Haider, et al., 2015).

The particles at the nano-scale tend to enhance antibacterial properties because their smaller
particle morphology increases the number of surface atoms available to interact with bacterial
membranes (Tahir, et al., 2017; Jan, et al., 2021). Metal oxide NPs offer promise as
antimicrobial agents against a broad spectrum of microorganisms, including multidrug-
resistant strains of Gram-positive and Gram-negative microbes (Mufioz-Escobar, et al., 2019)
Of the oxides of transition metals, copper oxide nanoparticles (CuO NPs) are well-known for
antibacterial properties and have a broad-spectrum biocidal effect owed to its effective
suppression of growth of bacteria, fungi or algae and its unique chemical, physical and
biological properties (Nirmala, et al., 2013; Mufioz-Escobar, et al., 2019; Chen, et al., 2021).
During their research, Padil & Cernik (2013) synthesised CuO NPs, which they purified and
dried into different CuO NPs sizes. The authors established that small CuO NPs (4.8 £ 1.6 nm)
exhibited significantly greater antibacterial activity than larger particles (7.8 + 2.3 nm). The

size of Cu NPs emerged as a major contributing factor in antimicrobial activity.

In addition to the size, the charge also plays a role in the antibacterial mechanisms of metallic
ions. Metals generate positive ions in an aqueous environment that allow them to attach to the
cell wall of bacteria, which is innately negatively charged, and initiate biocidal activity (Yadav,
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etal., 2022). As such, the antimicrobial activity of CuO NPs relies on the ability to release Cu®*
metallic ions and the extension of their surface area (Mufloz-Escobar, et al., 2019). The Cu**
ions attach to the negatively charged proteins and lipids of the cell membrane (Mufioz-Escobar,
et al., 2019). The Cu nano-ions can operate through various mechanisms, as shown in Figure
2.18, such as cell membrane disruption, diffusion into the cellular matrix and destruction of
internal components such as enzymes and nucleic acids (Yadav, et al., 2022). Furthermore, the
Cu®* ions have high redox properties and can produce reactive oxygen species, which alter
subcellular components, including damaging deoxyribonucleic acid (DNA) and ribonucleic
acid (RNA) molecules, to inhibit the genetic copy process and finally induce the apoptosis of
bacteria (Ren, et al., 2014; Mufioz-Escobar, et al., 2019). Therefore, Cu nanomaterials are
capable of operating through multiple mechanisms simultaneously, making it unlikely that
infecting bacteria will develop mutations against the NPs as they do against antibiotics, which
usually operate through a single mechanism (Yadav, et al., 2022).
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Figure 2.18: Antibacterial mechanisms of copper nanoparticles in a bacterial cell (adapted from

Xu et al. (2022))

Facilities and skills to prepare metal/metal oxide NPs of a specific size and shape have been

realised (Haider, et al., 2015). The synthesis of stable metallic Cu-NPs is challenging since
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they undergo rapid oxidation to Cu* ions in air or aqueous media (Chatterjee, et al., 2014).
Nonetheless, several methods are applicable for the synthesis of CuO NPs, namely physical,
chemical and biological methods (Haider, et al., 2015; Mufioz-Escobar, et al., 2019). Chemical
reduction is the preferred method because it is simple, cost-effective and efficient since it has
optimised experimental factors that allow for the synthesis of NP size and size dispersion.
Moreover, most chemical reduction methods are done in an aqueous medium and thus limit the
coupling of the synthesised CuO NPs to only hydrophilic polymers (Mufioz-Escobar, et al.,
2019).

2.6. Surface features and modification

Titanium and alloys are currently used in clinical orthopaedics and dentistry because of their
excellent mechanical properties, and they are additionally preferred materials due to their
capacity to form a titanium oxide (T10y) layer with a thickness of a few nanometres (Zaman,
et al., 2015). The excellent properties of the Ti implants depend on the structure and chemical
stability of the TiO; layer (Bosco, et al., 2012; Zaman, et al., 2015). It is formed on the surface
of a Ti component when it is exposed to air (Kurup, et al., 2021). The TiO: layer is generally
a very stable oxide layer, which contributes to the inertness of the Ti surface (Bosco, et al.,
2012; Zaman, et al., 2015). The biological inertness of the Ti surface is also attributed to its
highly corrosion resistant, meaning that it stays relatively unchanged when it is inserted into
the human body as an implant. Hence, Ti does not initiate interactions with the human cells
(Kurup, et al., 2021). Although the addition of Cu begets antibacterial ability, it does not affect
the essence of the Ti alloy as an inert metal (Chen, et al., 2023). Surface modification of the Ti
surface is necessary since these vital properties cannot be infused into the metal during the

LPBF stage (Kurup, et al., 2021).

Titanium and alloys exhibit poor bioactivity, leading to poor osteointegration (Ho-Shui-Ling,
et al.,, 2018). Surface modifications of implant surfaces are mainly intended to improve
wettability, cell-implant adhesion, cell proliferation and osseointegration (that is, fusion with
bone), and thus promote faster healing and shorter treatment duration (Jemat, et al., 2015). The
techniques usually involve surface treatment or coating the implant structure with a material
that promotes bone regeneration (Ho-Shui-Ling, et al., 2018). Various surface-coating
techniques have been applied to alter the innate surface properties of Ti implants (Abdal-hay,
et al., 2019; Li, et al., 2024). Coating techniques include ion implantation, electrochemical

anodisation, ion exchange, sol-gel techniques, plasma spraying, and the inclusion of metal ions
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such as Ag, Cu or Zn (Bencina, et al., 2021). Nevertheless, these techniques present several
limitations, for example, a restricted long-term antimicrobial effect, insufficient adhesion of
the coating to the substrate material, uneven thickness of the deposited layer and disparities in
the crystallinity and composition of the coating that compromise their clinical usability (Dion,
et al., 1994; He, et al., 2009; Yang, et al., 2010; Nichol, et al., 2021). An effective coating
method may significantly improve the mechanical and biological characteristics of implants
(Li, et al., 2024). Ideally, modifying the Ti implant surface is proposed to enhance the
integration between the material and host tissue. In other words, after coating the surface, the
implant material is expected to display improved bioactivity by stimulating direct interactions

with the surrounding tissue (Jemat, et al., 2015).

2.7. Electrospinning: Fabrication of polymer nanofibres for coating Ti implant surfaces

One of the most important developments in polymers is the fabrication of nanofibres (NFs)
(Mao, et al., 2023). Several methods exist for fabricating polymeric NFs for coating Ti
implants, such as chemical vapour deposition, template synthesis, arc discharge, laser ablation,
self-assembly phase separation and electrospinning (Nirmala, et al., 2013; Mao, et al., 2023).
Among them, electrospinning technology is widely used for advantages of simplicity, an
inexpensive experimental setup, wide applicability, relatively rapid production and relatively
high production efficiency (Nirmala, et al., 2013; Li & Bou-Akl, 2016; Mao, et al., 2023). First
introduced in 1600 by William Gilbert, electrospinning has been developed as a sophisticated,
modern and versatile technique since the late 1990s to generate NFs from a range of materials.
Electrospinning is a well-known technique to produce continuous ultrathin threads with
diameters as small as nanometres (Li & Bou-Akl, 2016; Xue, et al., 2019; Sharma & James,
2022). Coating Ti implants with electrospun polymer NFs has emerged as a promising
intervention to overcome the bioinertness of these surfaces. Polymeric NFs fabricated by
electrospinning possess rare properties due to their minute diameter, which leads to high
surface area, high aspect ratio, electron transport, thermal stability, scalability and better
mechanical properties (Nirmala, et al., 2013; Ning, et al., 2020; Kausar, 2021; Manakhov, et
al., 2021).

2.7.1. Principle of electrospinning
The electrospinning process basically requires three components, namely a needle tip
connected to the positive terminal of a high-voltage power source, a flow rate controller and a

grounded collector connected to the negative terminal of the power supply (Leach, et al., 2011;
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Li & Bou-Akl, 2016; Hong, et al., 2019; Kausar, 2021). A typical electrospinning apparatus

setup is illustrated in Figure 2.19.

H

Syringe =
Polymer —  Needle
solution - / \, F
E] ) ‘——Taylor cone
Polymer
fibre
Power |-
supply
Nanofiber mat
Collector drum

Figure 2.19: Schematic diagram of a basic electrospinning apparatus

The electrospinning process is initiated by dissolving a polymer/polymer blend in a suitable
solvent system, followed by pouring the solution into a syringe (Li & Bou-Akl, 2016). The
polymer solution is dispensed from the syringe by a syringe pump at a particular flow rate
(Leach, et al., 2011). The power source supplies the required charge. When voltage is applied,
the repulsive charge accumulates at the tip of the needle. A polymer solution droplet forms a
conical shape, called the Taylor cone, at the tip of the needle as the applied electric field
strengthens. When the electrical repulsive force within the Taylor cone overcomes the liquid
surface tension, a polymer jet ejects from the cone (Hong, et al., 2019; Ni, et al., 2019; Kausar,
2021). The polymer jet forms between the needle tip and collector, and consists of a steady
streaming segment and a rapidly oscillating whipping segment (Leach, et al., 2011). To obtain
a stable jet, the electric potential, hydrostatic pressure and distance between the needle tip and
collector should be adjusted accordingly (Doshi & Reneker, 1995). As the electrified fluid jet
travels toward the grounded collector, the solvent evaporates and phase separation occurs,
leading to the formation of a fibrous mat consisting of micro/nano-sized fibres deposited onto
the collector (Li & Bou-Akl, 2016; Holy, etal., 2001; Ni, et al., 2019; Kausar, 2021). Collectors
for electrospinning apparatus are commonly made of metal. Therefore, coating a metal implant

with electrospun NFs is relatively straightforward (ElectrospinTech, 2024).
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2.7.2. Electrospinning parameters

The minimum concentration for a given polymer solution below which electrospray beads form
instead of electrospun fibres is termed the critical entanglement concentration (Figure 2.20)
(Leach, et al., 2011; Li & Bou-Akl, 2016). Conversely, a highly concentrated solution may
increase viscosity and restrict the flow of fluid to the needle tip, and consequently slow the

electrospinning process (Li & Bou-Akl, 2016).

Electrospun fibres

Critical entanglement

Polymer concentration (%)

Figure 2.20: Critical entanglement concentration at a particular polymer concentration (adapted

from Li & Bou-Akl (2016))

Although a universal model to regulate the morphology of electrospun NFs for a specific
polymer/solvent system under different conditions has not been established, general

relationships among key parameters may be drawn to guide the electrospinning process (Li &
Bou-Akl, 2016).
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Table 2.1 outlines these relationships and their influence on NF morphology.
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Table 2.1: Relationship between electrospinning process parameters and fibre morphology

Parameters

Relation to fibre morphology

Reference

Solution parameters

Solvent vapour pressure

Higher solvent volatility or vapour pressure results
in higher porosity.

(Leach, et al.,
2011; Li & Bou-
Akl, 2016)

Solvent permittivity

Bead formation and fibre diameter decrease with
increasing solution permittivity.

(Sharma & James,
2022)

Polymer concentration

Increasing fibre diameter with higher concentration
(within the optimal range). A consistent fibre
morphology and absence of beads at higher
concentration.

(Sarabi-Mianeji,
etal., 2015;Li&
Bou-Akl, 2016)

Solution viscosity

Higher viscosity results in a lower deposition region
and increased fibre diameter (within the optimal
range).

(Li & Bou-AKkl,
2016; Sharma &
James, 2022;
Mao, et al., 2023)

Solution surface tension

Thin fibres cause smaller surface tension. Surface
tension causes bead formation at low polymer
concentration.

(Sharma & James,
2022; Mao, et al.,
2023)

Solution conductivity

Decreasing diameter and bead formation with higher
conductivity

(Sharma & James,
2022; Mao, et al.,
2023)

Processing parameters

Applied voltage or electric
field

Diameter and bead formation increase with higher
applied voltage (above critical conditions). Smaller,
consistent fibre diameter and consistent fibre
thickness with uniform electric field distribution.

(Sarabi-Mianeji,
etal., 2015;Li&
Bou-Akl, 2016;
Mao, et al., 2023)

Flow rate Increasing fibre diameter, continuity and bead | (Sarabi-Mianeji,
formation with higher flow rate (above minimum | et al., 2015; Li &
rate). Bou-AKkl, 2016;
Sharma & James,
2022)
Needle tip to collector | Decreasing fibre diameter with longer distance | (Sharma & James,
distance (within optimal range). 2022; Mao, et al.,

2023)

Needle diameter

Small needle diameter produces fibres that are
thinner, smoother and bead-free with greater fibre
porosity.

(Sharma & James,
2022; Mao, et al.,
2023)

Environmental parameters

Temperature

Higher temperature results in lower solution

viscosity and, thus decreases fibre diameter

(Li & Bou-Akl,
2016; Sharma &
James, 2022)

Humidity

Higher relative humidity increases porosity, surface
roughness and fibre diameter.

(Ni, et al., 2019;
Kausar, 2021)

It is essential that the parameters operate in unison towards obtaining a particular fibre
morphology. For example, for application in tissue engineering, higher porosity and surface
roughness result in higher specific surface area for cell attachment and proliferation (Kausar,

2021). Increased membrane porosity is realised with an increase in NF diameter (Nayl, et al.,
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2022). On the other hand, the small diameters and great lengths of electrospun fibres create a
large surface-area-to-volume ratio, providing a pillar for tissue regeneration (Kazemzadeh, et
al., 2022). A combination of higher applied voltage, smaller needle diameter, and lower flow
rate has been shown to produce thinner electrospun NFs (Sharma & James, 2022). Therefore,
the parameters of the electrospinning process require optimisation to produce uniform,

continuous fibres with desirable morphology and distribution for biological enhancement.

Obtaining the required fibre morphology and distribution largely depends on empirical
observations (Li & Bou-Akl, 2016). As the jet flows from the need tip to the collector, the
whipping jet is usually invisible to the naked eye (Leach, et al., 2011). However, the streaming
segment may be visible under appropriate illumination conditions (Leach, et al., 2011; Li &
Bou-Akl, 2016). This is essential because the length, thickness and consistency of the moving
segment are useful in predicting the alignment and morphology of the NFs being formed. A
stream that is short, non-uniform, inconsistent and/or oscillating is indicative of a variety of
defects, including poor fibre alignment, beading, splattering, and curlicue or wavy patterns
(Leach, et al., 2011). The stream segment is optimised by adjusting the composition of the
solution (mainly in terms of viscosity) and the parameters of the electrospinning apparatus, and
thus optimising alignment and morphology of the fibres being produced (Leach, et al., 2011;
Li & Bou-Akl, 2016). The polymer material is selected based on the intended function. The
parameters to be optimised to obtain the desired fibre morphology and orientation for a
particular polymer solution include the voltage from the power supply, the flow rate applied to
the solution by the syringe pump, the diameter of the needle and the distance between the

needle tip and the collector (Luketich, et al., 2022; Sharma & James, 2022; Mao, et al., 2023).

Viscosity has a substantial influence on the morphology of the resulting polymer nanofibre.
Figure 2.21 is the schematic representation and corresponding scanning electron microscope
images of electrospun poly(ethylene oxide) to illustrate the development of bead formation
leading to the formation of NFs as the viscosity increases (Haider, et al., 2018). A high viscosity
results in a slow flow and leads to discontinuity of fibres. When the viscosity is low and the
flow rate is too high, beaded fibres are produced and may lead to deposition of droplets (Mao,
et al., 2023). The formation of beads during electrospinning reduces the surface area per unit
mass of the obtained fibres and, therefore, beads are considered a defect in the electrospinning
process (Xue, et al., 2019). Hence, each polymer composition has an optimal viscosity for the

fabrication of uniform, continuous fibres. Figure 2.22 shows the effect of the applied voltage
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from the power supply. At low voltage, a pendant droplet (orange) is produced at the
capillary/needle tip while a Taylor cone (blue) is formed at the pendant droplet tip. By elevating
the voltage, a Taylor cone is produced at the capillary tip, and further increases in voltage result

in the ejection of the fibre jet through the capillary.

(a) (b) (c) (d)
LT L1l THnl

Droplet shape Elongated droplet Stretched droplet  Nanofibres

Increasing viscosity /

(g) .: M i

Figure 2.21: Changes in morphology of electrospun nanofibres with viscosity shown as (a—d)
a schematic (adapted from Al-Abduljabbar & Farooq (2023)), and (e-h) scanning electron
microscope (SEM) micrographs of polyethylene oxide with viscosity increased from left to

right at 32, 74, 289 and 1835 centipoise (adapted from Fong et al. (1999))

Capillary
Ejected Fiber

Applied Voltage Increase
Figure 2.22: Influence of voltage on the formation of the Taylor cone (adapted from Al-

Abduljabbar & Farooq (2023))
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Among the class of materials, polymers are the most widely used in the electrospinning process
because they have high molecular weights, which translates into polymeric solutions with
relatively high viscosity — a mandatory feature for electrospinnability (ElectrospinTech, 2021).
Electrospinning is utilised to generate NFs from various types of organic polymers (Xue, et al.,
2019). The majority of organic polymers may be directly applied by electrospinning, provided
they are soluble in appropriate solvents to form a solution, or may be melted without
degradation (Haider, et al., 2018; Xue, et al., 2019). Over 100 different types of polymers have
been successfully explored for solution electrospinning to directly produce NFs (Xue, et al.,
2019). A number of these polymers have been used in biomedicine including natural polymers
(such as cellulose, silk fibroin, gelatine, chitin, dextrose, chitosan and collagen) and synthetic
polymers (such as poly(lactic acid) (PLA), poly(ethylene oxide) (PEO), poly(vinyl alcohol)
(PVA), polyacrylonitrile (PAN), poly(e-caprolactone) (PCL), poly(lactic-co-glycolic acid)
(PLGA), poly(glycolic acid) (PGA), polyurethane (PU) and poly(methyl methacrylate)
(PMMA)) (Ning, et al., 2020; Nhlapo, et al., 2022; Mao, et al., 2023).

Synthetic polymers have numerous advantages in comparison to natural polymers, namely
cost-effectiveness and durability, and most of them have stable mechanical properties for
applications in load-bearing tissue engineering scaffolds (Nirmala, et al., 2013; Nhlapo, et al.,
2022). In addition, biocompatibility, biodegradability and lack of toxicity are common
properties of synthetic polymers relevant for coating surfaces of biometals. Biodegradation
may be defined by hydrolysis in physiological conditions (as in the human body) (Chen, 2013;
Maitz, 2015). The hydrolysis of polyester groups produces non-toxic degradation products that
are readily eliminated from the body through metabolic pathways (Xue, et al., 2019).
Nevertheless, hydrolysis should not be so as to adversely affect the attachment of the polymer
coating to the metal surface. It is crucial that the NF matrix remains adherent to the surface of
the implant without peeling off in vivo until implantation success is attained (ElectrospinTech,
2024). Thus, employing a polymer with elastomeric properties offers an additional advantage
and mixing polymers offers a wider spectrum of benefits. Polymers in pure or blend solutions
have been electrospun to form NFs (Nirmala, et al., 2013). Polymer blends provide new
perspectives in the fabrication of innovative coatings for implantable devices as a strategy to

upgrade the biofunctionality of conventional medical devices (Visan, et al., 2020).
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2.7.3. Application of electrospun fibres in tissue engineering

The hierarchical fibrous nanostructures are promising for biomedical applications. The
electrospun NFs are used to develop tissue scaffolds to mimic the natural tissues and biological
functions, and to facilitate human cell attachment and organisation. Thus, NFs have been used
in tissue engineering to form biocompatible 3D membranes (Kausar, 2021). The concept of
tissue engineering was initiated in 1987. It is an interdisciplinary discipline involving various
fields of medicine, biology, engineering and material science (Ning, et al., 2020). Electrospun
polymer NFs have the two distinctive features of minute fibre diameters (generally of 1 um or
less) and large length-to-diameter ratio (usually greater than 1000) (Munoz-Escobar, et al.,
2019; Mao, et al., 2023). Additionally, NFs have a high specific area, high porosity, and
controllable size and morphology, with the ability to produce a variety of cross-sectional shapes
and variations along their length (Doshi & Reneker, 1995). These characteristics are essential
for applications in the biomedical field, including tissue engineering, drug delivery, wound
healing and biosensing (Mao, et al., 2023). The physiological environment is composed of
nanometre-scale components and thus controlling the surface features of implants at a
nanometric level allows for the production of surfaces that readily emulate this environment

(Baena, et al., 2017).

Electrospinning is one of the most effective techniques for depositing fibres that replicate the
characteristics of fibrous biological materials, both mechanically and structurally (Luketich, et
al., 2022). The artificial ultrafine nanofibrous scaffolds produced by electrospinning mimic the
innate extracellular matrix (ECM) and are known to induce tuneable favourable features like
cell-biomaterial interactions, gene expression and shaping cell morphology (Das, et al., 2018).
The main constituents of the ECM exist in the form of NFs as illustrated in Figure 2.23(1) (Al
Aboody, 2021). The 3D electrospun porous NF matrices are designed to facilitate nutrient
transport, binding, adhesion, proliferation and differentiation of cells during the formation of
functional tissue (Das, et al., 2019; Xue, et al., 2019; Ning, et al., 2020). Moreover, electrospun
NF scaffolds have been shown to accelerate maturation, improve cell growth and guide cell
migration in vitro (Leach, et al., 2011). Figure 2.23(ii) shows in vivo cell attachment and

proliferation of a NF scaffold at eight weeks post-surgery.
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Figure 2.23: (i) Schematic illustration of the extracellular matrix (ECM) (adapted from Soles
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et al. (2023)), and (ii) cells grown in vivo on randomly electrospun poly(L-lactic acid) NF

scaffold (adapted from Yin et al. (2015))

A bone implant inserted into the body is recognised by human tissues as a foreign body. As a

result, the main aim of coating LPBF Ti implants with ultrafine fibres is to avoid the foreign

body response as it may hinder osseointegration and promote implant instability (Bosco, et al.,

2012). Surface treating implants by coating with NFs has been shown to increase the implant

surface roughness and the implant area that interacts with biological fluids and cells to enhance

osteogenesis and thereby accelerate peri-implant healing (Jemat, et al., 2015; Al Aboody, 2021;

Rampurawala & Patil, 2021). Osseointegration is defined as the direct contact between the
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implant and bone at the microscopic level. The ultimate purpose of metal implantation is to
achieve stability through osseointegration (Baena, et al., 2017). Surface modification
techniques that aid in improving adhesion of soft tissue to the implants are required, as the
implant surface’s first point of contact is with bodily fluids and soft tissue, which facilitate
osseointegration (Kurup, et al., 2021). An implant is required to fully integrate with soft tissue

to prevent the occurrence of infectious diseases and inflammation (Kurup, et al., 2021).

The possibility of incorporating one or multiple bioactive factors into the NFs is yet another
advantage of the electrospinning process (Li & Bou-Akl, 2016). Electrospinning is efficient for
fabricating polymer/metal oxide composites (Mufioz-Escobar, et al., 2019). Surface properties
of LPBF implant, particularly roughness and wettability, also contribute to the establishment
of implant-related infections (Hagq, et al., 2024). The electrospun mats may be easily modified
by reinforcing the fibres with organic metallic nanoparticles (Arrieta, et al., 2020). The
preparation of Cu/CuO nanofibrous materials has become a prevalent topic because of a vast
range of applications of such nanomaterials, including disinfection and antibacterial wound
dressings (Manakhov, et al., 2021). The use of anti-adhesive polymers to inhibit bacterial
attachment is a popular strategy; however, creating implants with both antibacterial and
osteogenic properties remains challenging (Li, et al., 2024). Furthermore, the application of
NFs infused with Cu/CuO NPs — particularly applied as coatings for Ti implant — for
biomedical applications is not as extensively covered in literature as compared to, for example,

Ag nanoparticles (Manakhov, et al., 2021).

The use of the blending solution method for electrospinning allows for the incorporation of
multiple additives into selected polymer matrices to form a coating that is conducive to the
intended implant environment (ElectrospinTech, 2024). Material selection is crucial in the
production of these NFs, as it influences morphology, biocompatibility, mechanical strength,
and degradation, and thereby affects the release profile of additives (Sharma & James, 2022).
There are mainly two strategies for adding NPs to electrospun NFs, namely, direct
incorporation during electrospinning and post-treatment of the as-spun NFs (Xue, et al., 2019).
Similar to NPs, NFs have a very high surface area-to-volume ratio. On the other hand, unlike
NPs, interlocking NFs by electrospinning means that a carrier is not needed to prevent
dispersion (ElectrospinTech, 2021). Electrospun NFs are able to achieve immobilisation,
which allows for controlled release in drug delivery applications (Ning, et al., 2020). The drug

delivery function may also be applicable for administering the metal-based antibacterial agents.
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Therefore, impregnating the NFs with CuO NPs reduced the toxicity factor and provides a
controlled and prolonged release of the biocidal NPs (Xue, et al., 2019). Coating the surfaces
of LPBF Ti implants with electrospun polymer NFs infused with CuO NPs provides the

twofold functionality of promoting bioactivity while inhibiting bacterial colonisation.

2.8. Summary

The literature review chapter discusses the aspects that constitute the body of this dissertation.
These aspects include additive manufacturing, with a special focus on laser powder bed fusion
technology, optimising the essential process parameters of LPBF, and the application of LPBF
in biomedicine. The biomedical applicability is detailed in terms of using Ti and Ti alloys as
biomaterials, alloying with Cu to induce antimicrobial activity, coating the Ti implant surfaces
with polymer nanofibres by electrospinning to overcome the natural inertness of Ti, and
imbuing the electrospun NFs with CuO nanoparticles to provide dual functionality of the NF
coating of a biocompatible and biocidal scaffold. This chapter also outlines the electrospinning
process and the imperative parameters to optimise to achieve the desired NF morphology and
distribution. The important properties required from implantable devices are mentioned
throughout the chapter. These include density, corrosion resistance, mechanical properties,
antibacterial properties, biocompatibility and negligible cytotoxicity. The subsequent chapters

delve into empirical details of these aspects.
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CHAPTER 3 IN SITU LPBF ALLOYING

3.1. Introduction

The present chapter provides a detailed description of the fundamental principles of the
manufacturing machine (that is, the EOSINT M 280), the various powder material
characteristics and the analytical equipment used during the experimental work of this research.
Furthermore, the determination of the optimum process parameters of Ti6Al4V-3 wt.% copper
(Cu), Ti6Al4V-6 wt.% Cu, commercially pure titanium (cpTi), Ti-3 wt.% Cu, and Ti-6 wt.%

Cu is discussed in detail.

One of the major advantages of laser powder bed fusion (LPBF) is the freedom in design, which
allows for the manufacturing of site-specific biomedical implants. The feasibility of in situ
alloying by LPBF for the synthesis of novel materials has been demonstrated, and the quality
of final parts depends on the manufacturing parameters (Krakhmalev, et al., 2017; Krakhmalev,
et al., 2018; Vilardell, et al., 2020). Therefore, manufacturing strategies and optimal process
parameters should be carefully selected to reduce porosity, cracks, surface roughness and
residual stresses and prevent deformation of the three-dimensional (3D) part during the LPBF
procedure (Yadroitsev, et al., 2015; Vilardell, et al., 2020). Numerous process parameters
control the characteristics of the final part produced by LPBF. The most important parameters
that contribute to obtaining samples with the highest density include laser power, scanning
speed, hatching distance and powder layer thickness (Aboulkhair, et al., 2014; Yadroitsev, et
al., 2015; Manfredi & Calignano, 2017; Chowdhury, et al., 2022). The optimal parameter
window is effectively determined experimentally, and various approaches in process parameter
optimisation have been studied in literature (Laakso, et al., 2016). The most widely used
approach to identify optimum process parameters is by conducting single track experiments
since the basic building units for LPBF objects are single tracks, which combine to form a
single layer and, ultimately, a 3D object is sintered from a sequence of layers (Laakso, et al.,
2016; Krakhmalev, et al., 2017). Thus, the quality, reproducibility and reliability of LPBF parts
depend on the quality of the sintered single tracks and subsequent layers (Dzogbewu, et al.,

2017).

Optimising new metallic powder for LPBF printing involves several steps. In principle, the
LPBF process consists of scanning and melting powder particles in a powder layer of a
specified thickness with a mobile, high-density laser beam, generating a molten pool that
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solidifies into a single track. Firstly, the laser power and scanning speed should be optimised,
as they directly influence the formation of single tracks. Secondly, for the formation of a single
layer, an appropriate hatch distance and scanning strategy should be selected for the
manufacturing of layers with acceptable surface roughness and morphology for the layer-by-

layer process (Vilardell, et al., 2020).

For in situ alloying to be achieved, the molten pool should have low viscosity and exist long
enough to guarantee sufficient chemical homogeneity of the components (Krakhmalev, et al.,
2017; Vilardell, et al., 2020). Simultaneously, the conditions should satisfy the operation
window that is required to manufacture high-quality 3D objects (Yadroitsev, et al., 2015).
Thus, the careful selection of the optimum process parameters is augmented for new materials
manufactured by in situ alloying (Vilardell, et al., 2020). Appropriate scanning and building
strategies should be carefully determined and optimised for each type of metallic powder, as
only specific combinations of the main process parameters yield optimal results. Such
parameters are expected to be different from the parameters for any individual alloy
(Yadroitsev, et al., 2015; Vilardell, et al., 2020). Furthermore, understanding the impact of each
processing parameter on the specific powder’s characteristics would assist in overcoming the
various challenges of tailoring the mechanical properties of a particular product for a desired
application. Understanding the melt-pool dynamics of each metallic powder is crucial for

automating LPBF processes.

3.2. Materials and methods

3.2.1. EOSINT M 280 machine

The Central University of Technology, Free State (CUT) houses an EOSINT M 280 machine
(Electro Optical Systems (EOS) GmbH, Krailling, Germany) at the Centre for Rapid
Prototyping and Manufacturing (CRPM, Figure 3.1). The main components of the EOSINT M
280 machine are a process chamber with a re-coating system, an optical system with a laser
and a scanner, a computer-controlled elevating system, a process gas management system and

a process computer with control software.

76

© Central University of Technology, Free State



» Central University of
Technology, Free State

Optical

system Process

computer

Re-coating
system

Platform on
elevation system

tracks

Figure 3.1: EOSINT M 280 machine installed at CRPM (CUT) and essential components
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The process chamber (otherwise known as the building chamber) is the section where the
physical layer-by-layer construction of a part takes place. The optical system is equipped with
a ytterbium (Yb) fibre laser that emits a beam at 1060—1100 nm, capable of generating up to
10 kW of power and an energy efficiency of 10-30% (Cobbinah, et al., 2021). Compared to
other commercial lasers — such as the carbon dioxide (CO>) laser beam — some advantages
offered by the Yb-fibre laser include a high electrical-to-optical efficiency (-25%), excellent
beam quality, compactness, the ability to operate at lower scanning speeds, and the production
of more stable, slightly larger scan tracks. The shorter wavelength of the Yb-fibre laser beam
permits light transmission through optical fibre cables instead of the articulated mirror delivery
system employed for CO; laser (Cobbinah, et al., 2021). The laser beam focuses on a base plate

situated on the elevating systems with a spot size of approximately 80 pm.

In the conventional LPBF process, a small Gaussian laser beam (<100 um in diameter) is used
to melt the thin layer of powder (Zhang, et al., 2022). The EOSINT M 280 laser scanner can
scan at a maximum speed of 7 m/s and has an exposure area of 250 mm x 250 mm. The
operating atmosphere in this chamber is protected by an inert gas, which permits the processing
of a wide range of reactive metallic powders by ensuring the minimum acceptable oxygen
content (0.07-0.12%). The entire EOSINT M 280 system is virtually controlled by process
software (PSW) installed on the process computer. The PSW is used to set the protocol of the
building process before manufacturing and to display the graphical layout of the part as it is

built on the computerised screen.

For optimal operation of the LPBF machine, a systematic procedure is followed. Each stage of
the procedure should be performed with the strictest accuracy to ensure an optimum quality
final product. The systematic procedure is carried out using the EOSINT M 280 machine setup.
It entails sieving the powder to refill the powder container, preparing the platform, selecting
the correct re-coater blade, levelling the re-coater blade with the platform and flushing the

building environment with argon or nitrogen gas.

3.2.1.1. Sieving of the powder

The EOSINT M 280 machine has a sieving component. By regulating the elevating system, the
dispenser in the collector system can be moved up or down to enable manual collection and
sieving of the powder. Non-virgin powders (that is, powder that has been previously used) are

sieved before use to remove agglomerates and/or other large particles to ensure even
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consistency of the metal powder that is conveyed from the dispenser, building and collector
ducts. During the sieving process, it is vital to use appropriate personal protective equipment

(PPE), including laboratory coats, masks, gloves and antistatic shoes.

3.2.1.2. Platform preparation

The part(s) may be built directly on the base plate or on a substrate fixed onto the base plate.
The base plate is secured to the elevating system in the machine's process chamber. The
platform descends to the set value, as predetermined by the desired thickness of each powder
layer. For LPBF technology, the thickness of layers is usually 20—100 pm, and the maximum

grain size should not be greater than the layer thickness (Kurzynowski, et al., 2012).

3.2.1.3. Re-coater blade settings

The re-coater blade controls the powder dispersion, and hence the accuracy of the space
between the re-coater and the base plate is crucial and complex. A gauge clock and a feeler
gauge are used to manually level and determine the gap between the re-coater blade and the
base plate. The gauge clock is clamped firmly at 90° to the re-coater blade, so that the plunger
tip touches the re-coater blade surface. The pointer on the surface of the gauge is zeroed by
moving the bezel. The gauge clock is moved across the entire length of the re-coater blade.
When the pointer moves from zero as the gauge clock moves, the re-coating is considered
unlevelled. The re-coater level is then adjusted, and the process of moving the gauge clock is
repeated. This step of setting the re-coater blade is repeated until the pointer remains at zero
when the gauge clock is moved across the length of the re-coater blade, indicating that the re-
coater blade is set to the desired level for the manufacturing process. The function of the feeler
gauge is to determine the size of the gap between the re-coater blade and the base plate, which

depends on the required layer thickness of the deposited powder.

3.2.1.4. Protective atmosphere

The atmosphere in which the process takes place is a significant, fixed parameter since high
temperature and the presence of oxygen in the building chamber during the LPBF process may
cause oxidation of the manufactured part (Kurzynowski, et al., 2012). Therefore, as in most
laser processing operations, the inert environment used in the LPBF process serves as a
shielding gas for the molten metal against primarily atmospheric oxygen. The high surface area
per unit volume of metallic powder particles compared to cast components makes them

susceptible to contamination by adsorbed gases, moisture, oxide and nitride films and organics
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(Cobbinah, et al., 2021). In addition, the contamination of the sintered part by oxygen
molecules may cause porosity by altering the physical and chemical properties of the finished
component (AZOM, 2017). Dadbakhsh & Hao (2014) demonstrated that a thin powder layer,
higher laser power and lower scanning speed may contribute to the removal of oxygen during
LPBF. For repeatability, an optimal measure of gas flow should be monitored, such as
maintaining the oxygen level at <1000 ppm (0.1%) throughout the manufacturing process,
which may be decreased to approximately 100 ppm (0.01%) oxygen for a highly reactive
metallic powder like Ti (AZOM, 2017). An inert atmosphere is necessary for Ti-based alloys,
and the most commonly used protective gases in LPBF processes are nitrogen, argon and
helium (Kurzynowski, et al., 2012; Cobbinah, et al., 2021). Argon (Ar) gas is the most favoured
inert gas for the LPBF process because of its ability to stabilise the molten pool depth and
reduce spatter (Cobbinah, et al., 2021).

Temperature within the build chamber is another factor that should be considered since, besides
contributing to oxidation, temperature variation in the build chamber affects the properties and
microstructure of as-built samples (Zhao, et al., 2016). The general perception is that the higher
the build chamber temperature, the less the residual stress affects the sample. If the build
chamber temperature is too high, the powder particles begin to agglomerate, affecting the
accuracy of the final part. If the build chamber temperature is too low, the curling effect occurs,
and the two-phase system of melt and solid material cannot be generated (Wudy & Drummer,
2019). Powder bed preheating may also considerably reduce residual stress. Ali et al. (2017)
investigated the effect of powder bed preheating during selective laser melting (SLM) of
Ti6Al4V on various mechanical properties. The results showed that a powder bed temperature
of approximately 570 °C greatly reduced residual stress formation in components and improved
their mechanical properties. Most AM machines offer preheating options that raise the
temperature above 500 °C to increase build quality and limit the risk of distortion (Chowdhury,
et al., 2022). However, high temperatures are detrimental to the lifespan of the base plate and
the entire manufacturing system. Therefore, the recommended operating temperature for the

EOSINT M 280 machine is between 60—100 °C (Dzogbewu, 2017).

3.2.1.5. CAD modelling

The first step in most additive manufacturing (AM) processes is designing a three-dimensional
(3D) computer-aided design (CAD) model using various CAD software. The selected
modelling software should be capable of converting the designed CAD data to a.STL (Standard
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Tessellation Language) file format. The STL software translates the 3D design structure into a
sequence of two-dimensional (2D) layers referred to as “slices”. This conversion process
enables the building process by creating the Specific Layer Interface (SLI) and enabling data

processing in a computer-aided manufacturing (CAM) platform.

After the 3D CAD data are virtually sliced into 2D layers by the STL software, EOS RP-Tools
is applied. The EOS RP-Tools is EOS software specifically designed to generate and
manipulate part data in STL format or the Common Layer Interface (CLI). The EOS software
converts part data from STL or CLI formats into an EOS-specific CLI format by separating the
layer data of the solid bodies into skin and core data. Figure 3.2 depicts the steps and the related

software applied.
Type of Software Data Preparation
SolidWorks 3D CAD data
STL 2D layers
EOS RP-Tools Skin and core data
Support structures
EOSTYLE (if needed)
Loading data onto
PSW 3.5 EOSINT M 280

Figure 3.2: CAD modelling framework with applicable software (adapted from Dzogbewu
(2017))

3.2.1.6. Support structures
Building support structures for hanging parts is another mandatory step in the LPBF process.
The absence of support structures at the required position may cause the built part to severely

wrap. Support structures are generated using the EOSTYLE software package.
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3.2.1.7. Loading and controlling the LPBF building

The support structure and parts are placed on the building platform of the EOSINT M 280 by
using the PSW 3.5 computer software interface. The software enables monitoring of the
building environment's temperature, oxygen level, and the estimated time to complete a
particular job. In addition, the software interface provides information about the vertical
movement of the building platform, the horizontal movement of the powder deposition blade
and the available powder in the dispensary or collector duct. Thus, the operating parameters,
such as laser power, scanning speed, hatch distance, and powder layer thickness, may be
controlled and regulated. The optimal values of all processing parameters should be determined

to manufacture a part with optimal mechanical properties.

3.2.2. Powders
Input material characterisation and standardisation are vital for the repeatability of the AM
process. Powder properties — such as size, morphology, surface area, porosity and impurity
content — may directly affect the manufacturing process and the mechanical properties of the
final part (Dzogbewu, 2021). Relatively large particle sizes of powder tend to produce parts
with a poor surface finish (Ruban, et al., 2014). The morphology of the powder determines the
processing of the powder (Kurzynowski, et al., 2012; Krakhmalev, et al., 2016). The
granulomorphometry of powders used for the LPBF process is usually spherical, with smooth
surfaces and low surface oxidation. These characteristics allow for adequate powder flow
properties and reduced levels of contamination prior to handling and processing (Cobbinah, et
al., 2021). Three powders were used for this study, namely:
1) Pre-alloyed Ti6Al14V Extra Low Interstitial (ELI) powder (also denoted as Ti6Al14V, Ti-
6Al1-4V or Ti64 in this chapter)
2) Elemental commercially pure titanium (cpTi, Grade 2) powder

3) Elemental copper (Cu) powder

The employed pre-alloyed Ti6Al4V and elemental cpTi powders comply with the standards of
the American Society for Testing and Materials (ASTM) F136 (ASTM International, 2013)
and International Organization for Standardization (ISO) 5832-2 (ISO, 2025), respectively, for
the acceptable maximum concentration of impurities as shown in Table 3.1. Copper of 99.9%
purity was employed. The typical physical and mechanical properties of argon gas atomised

Ti6Al4V, cpTi and oxygen-free pure Cu powders are displayed in Table 3.2.
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Table 3.1: Chemical composition of Ti6Al4V ELI and cpTi powders (in weight %) (adapted
from AZOM (2013a), AZOM (2013b) and ASM (2023))

Ti Al \% (0] Fe C H N Si Mn | Mg
ASTM standard for Ti6Al4V ELI alloy, Grade 23
88.1-91 | 5.5-6.5 |3.54.5 [ <02 |<0.25 [<0.080 |<0.0125 [ <0.030 | | |
Employed Ti6Al4V ELI powder
89.263 | 6.31 4.09 0.12 ]0.20 0.005 0.003 0.009
International Organization for Standardization (ISO) 5832-2 (cpTi, Grade 2)
>98.9 <0.25 | <0.30 | <0.08 <0.015 | <0.03
Employed cpTi powder
Bal 0.17 | 0.03 0.007 0.002 0.012 | 0.005 | 0.01 | 0.02

Table 3.2: Typical physical and mechanical properties of wrought Ti6Al4V ELI, c¢pTi and Cu
(adapted from AZOM (2012), AZOM (2013a), AZOM (2013b) and ASM (2023))

Property Ti6Al4V (ELI) cpTi (Grade 2) Cu
Density, Kgm™ 4430 4510 8890-8940
Melting point, °C 1604-1660 1665 1083
Solidus, °C 1604 1083
Liquidus, °C 1660 1665 1083
Beta transus, °C 980 913

Specific heat, J-kg 'K 0.526 0.523 0.385
Thermal conductivity, Wm'K!' | 6.7 16.4-21.97 350
Ultimate tensile strength, MPa 860 430 221-455
Yield strength, MPa 790 340 69.0-365
Elasticity modulus, GPa 113.8 105-120 115
Shear modulus, GPa 44 38 44.0
Elongation at break, % 14-15 28 55
Notched tensile strength, MPa 1450 720

Hardness, Vickers 341 145-200 75.0-105
Poisson’s ratio 0.342 0.34-0.40 0.310
Fracture toughness, MPa-mY2 75

3.2.2.1. In situ alloying

For in situ alloying, the Ti6Al4V and cpTi powders were each mixed with 3 and 6 wt.% Cu in
laboratory scale Turbula® mixer machine (Figure 3.3) for 45 min. The Turbula® mixes powders
by rotation, translation and inversion motions according to the Schatz geometric theory (Mayer,

et al., 2015). The resultant powder alloys were Ti6Al4V-3 wt.% Cu, Ti6Al4V-6 wt.% Cu, Ti-
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3 wt.% Cu and Ti-6 wt.% Cu and were designated as Ti6Al4V-3Cu, Ti6Al4V-6Cu, Ti-3Cu
and Ti-6Cu, respectively.

Figure 3.3: Turbula® mixer

3.2.2.2. Characterisation of employed powders

Due to the large lot sizes, it was not possible to characterise the whole batch of the powders.
Therefore, small fractions of the selected powders were examined to represent the
characteristics of the bulk powders. The powders were selected under motion to ensure an
accurate representation of the entire batch (Dzogbewu, 2021). The powders — namely,
Ti6Al14V, cpTi, Cu, Ti6Al4V-xCu and Ti-xCu (x = 3 and 6 wt.%) — were characterised using
the JEOL JSM-6610 Scanning Electron Microscope (SEM, Figure 3.4) with an integrated
energy-dispersive X-ray spectroscopy (EDS) detector, situated at the University of the Free
State (UFS) Geology Department. The morphological evaluation of the powders was
conducted using secondary electron (SE) imaging at 15-20 kV and a working distance of up to

10 mm.
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Figure 3.4: JEOL JSM-6610 Scanning Electron Microscope

The particle sizes of the Ti6Al4V, ¢pTi, and Cu powders were measured on SEM micrographs
(scale = 100 pm) using the ImageJ software (n = ~ 1500), and the particle size distributions
were analysed using the IBM SPSS Statistics software. The particle size distribution of
powders used for AM has a Gaussian distribution, and this trend can influence the melt pool
stability along with the processing parameters (Viale, et al., 2022). Elemental mapping of the
Ti6Al14V, cpTi, and Cu powders was conducted with the EDS, concomitantly with the SEM

imaging, to determine the chemical composition of each powder.

3.2.2.3. Flowability of employed powders

Powder flowability has a momentous effect on the LPBF build product. Dzogbewu (2017)
applied the Hausner ratio and Carr index to demonstrate that the Ti6Al4V ELI, cpTi, and Cu
powders used in this research exhibit good to excellent flow, as required for the LPBF process.
During the present study and before the laser processing, the powders were dried in a vacuum
oven at 80 °C overnight, then cooled to room temperature to increase powder flowability and

prevent agglomeration.

3.2.3. Metallographic preparation
The specimens for metallographic analysis were prepared in accordance with ASTM E3
(ASTM International, 2017). A Struers CitoPress-1 machine (Figure 3.5(i)) was used to mount

units in MultiFast non-conductive resin for 3.5 min at a temperature of 180 °C and a pressure
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of 250 bar, followed by rapid cooling with water for 2 min. The mounted samples were then
ground and polished with a Struers Tegramin-25 machine (Figure 3.5(i1)) according to the

protocol suggested by the manufacturer for Ti-based alloys as detailed in Table 3.3.

(ii)

Figure 3.5: (i) CitoPress-1 machine, and (ii) Tegramin-25 polishing machine

Table 3.3: The recommended polishing procedure for Ti-based alloys

Process Wheel/Cloth | Lubricant Force Speed (rpm) | Time
N (min)
Coarse grinding 320 SIC Water 25 300 1.50
Fine grinding MD-Largo DiaPro All/Lar.9 30 150 5.00
First polishing MD-Mol DiaPro Mol.3 25 150 2.20
Final polishing MD-CHEM OP-S Suspension 20 150 1.50

The OP-S colloidal silica suspension applied at the final stage of polishing, along with the MD-
CHEM polishing disc, ensured that the sample surface had a mirror finish and was free of
mechanical deformation. Each sample was rinsed with tap water, followed by rinsing in Lab
Companion UC-02 Ultrasonic Cleaner for 3 min (Figure 3.6(i)). The sample was washed with
alcohol and dried by air at room temperature. Subsequently, the sample was etched in ESCO
Ductless Fume Hood (Figure 3.6(i1)) with Kroll’s reagent, which is commonly used for etching
Ti alloys. The Kroll etchant is a dilute aqueous solution containing 10 ml of 48% hydrofluoric
acid (HF), 5 ml of nitric acid (HNO3) and 85 ml of distilled water. Etching prepared the samples
for microscopic examinations. A ZEISS Axio Scope.Al Optical Microscope with AxioVision

SE64 software (Figure 3.7) was used to capture the images for metallographic analysis.
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Figure 3.6: (1) Lab Companion UC-02 Ultrasonic Cleaner, and (i1) ESCO Ductless Fume Hood

Figure 3.7: ZEISS Axio Scope.Al Optical Microscope

3.2.4. Optimisation of powders employed using LPBF

The optimum process parameters for Ti6Al4V-3Cu, Ti6A14V-6Cu, cpTi, Ti-3Cu, and Ti-6Cu

powder compositions were determined individually. Optimisation entailed optimising the

process parameters of scanning speed, laser power and hatch distance. The EOSINT M 280
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machine (Figure 3.1) was used for the optimisation process and thus, to fabricate all the metal
samples used in the current study. The base plate was fixed to the machine platform in the
process chamber of the machine by screwing its four corners to the platform. A Ti6Al4V (not
necessarily an ELI) substrate with a chemical composition similar to the powders was used for
the optimisation process. The substrate was machined by grinding to smooth its surface, then
cleaned with ethanol. Thereafter, the substrate was secured onto the base plate. Powder
processing commenced with the sieving of the powder onto the platform. A powder layer
thickness of 50 um was applied for the current investigations. Therefore, a feeler gauge of 0.05
mm was used to set the gap between the base plate and the re-coater blade for the layer
thickness of 50 um. The re-coated blade was made of a high-speed steel alloy, and its operating
speed was set at 150 mm/s. An inert environment was maintained by continuously flushing

argon gas into the building chamber of the EOSINT M 280 system.

3.2.4.1. LPBF single tracks

For optimising the powders, the starting process parameters for feedstock material were chosen
based on previous studies of optimisation using a similar system (Krakhmalev, et al., 2017;
Vilardell, et al., 2020; Dzogbewu, 2021; Oyesola, et al., 2021; Ramosena, et al., 2022). For all
powder compositions, a uniform powder layer of 50 um thickness was deposited on a Ti6Al4V
substrate, which was screwed onto the building platform of the LPBF machine. For Ti6Al4V-
3Cu and Ti6Al14V-6Cu, single tracks were sintered at laser powers of 100, 150, 170 and 300
W and at a scanning speed range of 0.08—2.2 m/s. For c¢pTi, tracks were sintered at laser powers
of 100, 150, 170 and 300 W and at a scanning speed range of 0.08—1.2 m/s. The single tracks
for Ti-3Cu and Ti-6Cu were sintered at laser powers of 100, 150 and 170 W and at a scanning
speed range of 0.4-2.2 m/s. For each scanning speed, a set of three tracks, each 20 mm long
and separated by a 1 mm gap, was produced using a laser spot of ~80 um. A gap of 2 mm was
placed between each set of single tracks produced at a particular scanning speed to distinguish

between the sets.

After the single tracks were produced, the loose powder was removed from the plates. The
substrate with the sintered tracks was unscrewed from the LPBF platform. The optical
microscope (Figure 3.7) was used to examine the prepared samples from the top view to
observe the continuity and measure the width of the tracks. After the top view analysis of the

single tracks, the plates were sectioned into smaller units (<30 mm) using the JiangSu
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Fangzheng computer numerical control (CNC) wire electrical discharge machine (EDM). Each
cross-section was mounted, polished and etched in preparation for metallographic analysis to
evaluate the cross-sections of the sintered single tracks as described in Section 3.2.3.
Metallographic preparationThe optical microscope was used to examine the prepared samples
from the cross-sectional view to measure the height of the tracks above the substrate and their
penetration depth into the substrate, and to identify tracks with adequate material deposition
(Figure 3.8). From the single track analysis, two sets of optimum laser powers and
corresponding scanning speeds were selected for each of the powders of Ti6Al4V-3Cu,

Ti6A14V-6Cu, cpTi, Ti-3Cu and Ti-6Cu.
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Figure 3.8: The cross-section of the LPBF single track

3.2.4.2. LPBF double layers

The succeeding step of the current investigation was to optimise the hatch distance towards
obtaining steady layers in the layer-by-layer construction, since the hatch distance and the
scanning strategy govern the quality of a single LPBF layer (Yadroitsev, et al., 2015). A
uniform powder layer of 50 um thickness was deposited on a newly prepared Ti6Al4V
substrate in the building chamber of the LPBF machine. The single tracks were printed side-
by-side at the optimised scanning speeds and laser powers with a laser spot size of 80 um, to
form square single layers and subsequent double layers with dimensions 5 X 5 mm. The zig-
zag (bidirectional) strategy was followed during the scanning of adjacent tracks. The double
layers were sintered to optimise the hatch distance; hence, the tracks were produced at hatch
distances of 80, 90 and 100 um. Rescanning was applied, whereby each double layer was
scanned twice with the laser. The double scanning entailed that the laser beam first melted the
powder layer to form adjacent (and possibly overlapping) tracks at the specified hatch distance

until a layer was formed, followed by the laser beam passing between sintered tracks and re-
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melting the adjoining tracks. This approach is envisaged to improve the surface quality of the
layers and enhance the density and surface quality of sintered parts (Yadroitsev, et al., 2015).
After the double layers were produced using single scanning and rescanning strategies at each

hatch distance, the loose powder was removed from the plate.

The substrate was unscrewed from the LPBF platform, and the optical microscope (Figure 3.7)
was used to examine the double layers from the top view. A portable Mitutoyo SURFTEST
SJ-210 profilometer (Figure 3.9) was used to measure the surface roughness of the double
layers manufactured using a single and double scanning strategy. The roughness tester was set
to record measurements in accordance with ISO 1997. The stylus was set to travel to a cut-off
length of Ac = 0.8 mm at a measuring speed of 0.5 mm/s and perpendicular to the scanning
direction to account for the “staircase effect” common in layer-wise AM processes (Chen, et
al., 2018; Metelkova, et al., 2021). The surface roughness measurements were recorded at three
randomly selected locations for each double layer. The top surfaces of the single and rescanned
layers were examined for defects using SEM (Figure 3.4), and EDS mapping was used to assess

the homogeneity of Cu.

Figure 3.9: Mitutoyo SURFTEST SJ-210 profilometer

Upon completion of top-surface analyses, the substrates with double layers were sectioned into
smaller units (<30 mm) using the CNC wire EDM and prepared for metallographic analyses,
as described in Section 3.2.3. Metallographic preparation, to evaluate the cross-sections of the
sintered layers. Usually, single layers are produced and analysed first, followed by double
layers; however, the results obtained from the analysis of double layers are often preferred in
literature since the morphology of single and double layers has been observed to be similar

(Ramosena, et al., 2022). Therefore, in this study, only the double layers have been examined.
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The optimum hatch distance to manufacture 3D objects using LPBF was deduced from the

double-layer examination data for each powder composition.

3.2.4.3. LPBF 3D objects

Three-dimensional objects were fabricated on newly prepared Ti6Al4V substrates. For parts
made of cpTi powder (including Ti-3Cu and Ti-6Cu), an additional 1 mm of the support
structure was built to compensate for compositional differences between the cpTi alloys and
the Ti6Al4V substrate. For porosity and microstructure analyses, 10 x 10 x 10 mm 3D cube
samples were built at the optimised sets of parameters of laser power and scanning speed
combinations, as well as at the optimised hatch distance, while maintaining the powder layer
thickness of 50 um and using a zig-zag alternating strategy with rescanning of the last layer.
To minimise uneven thickness in the synthesised layers resulting from surface irregularities,
the scanning direction in each single layer was rotated by 90° relative to the previous layer.

The strategy for building the cubes is illustrated in Figure 3.10.

Building direction
% Side
y-axis
Front A AP
.4
Aécanning direction
X-axis

Figure 3.10: Scanning and building coordination system (adapted from Thijs, et al. (2010))

When the LPBF construction of the 3D objects was complete, the loose powder was removed
from the base plate, and the substrate was unscrewed and removed from the platform. The 3D
samples were utilised in their as-built condition with no additional heat treatment. The cubes
were removed from the substrate and sectioned into smaller units using EDM wire cutting. One
unit was reserved for porosity testing, and two were prepared for microstructure analysis. The
combination of parameters that produced the most dense objects (determined by the part with

the least porosity) wsa delineated as the optimum process parameters for the particular powder.
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3.2.4.4. Porosity

To study internal defects in the samples, reconstruction, visualisation and analysis were
performed at the CT Scanner Unit of the Central Analytical Facilities (CAF) at Stellenbosch
University according to the procedure described by du Plessis et al. (2018a, b). X-ray computed
tomography (CT) scanning was executed on General Electric (GE) Phoenix instruments,
illustrated in Figure 3.11, using the parameters listed in

Table 3.4 for the various test samples. The selection of the equipment and software was subject
to availability. A global threshold was selected based on the grey-value histogram of the entire

volumetric data set, and a local optimisation was performed at each point to find the steepest

grey-value gradient at the interface between two materials.
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Figure 3.11: (i) GE Phoenix Nanotom S nanoCT scanner, and (ii) GE Phoenix VTomeX

L240 microCT scanner (adapted from Stellenbosch University (2024))
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Table 3.4: Parameters for X-ray CT scanning of Ti-based samples

Test samples Ti6Al4V-3Cu and Ti6Al4V-6Cu cpTi, Ti-3Cu and Ti-6Cu
Equipment (type of GE Phoenix Nanotom S GE Phoenix VTomeX 1240
imaging) (nanoCT) (microCT)
Voltage 140 kV 100 kV
Current 100 pA 50 pA

Copper beam filter size 0.5 mm 0.1 mm

Voxel size set 5 pm 5 pm

Rate of imaging 500 ms 1000 ms

Images captured during

360-degree rotation 3000 3000

Image acquisition and

reconstruction software Datos Datos

3D image analysis software VGSTUDIO MAX 3.5 Dragonfly 2022.2

3.2.4.5. Microstructure

The samples were prepared for microstructure analysis by conventional steps of metallographic
preparation according to ASTM E3 (ASTM International, 2017), as described in Section 3.2.3.
Metallographic preparation, for evaluation the microstructure at the top (transverse, in XY
horizontal plane parallel to the laser scanning direction and perpendicular to the build direction)

and side (longitudinal, in the Z direction parallel to the build direction) views of the 3D units.

3.2.5. Statistical analysis

All measured data were collected in triplicate, unless otherwise stated. The values were
reported as mean =+ standard deviation. The Student’s t-test was performed, and values of p <
0.05 (95% confidence interval) and p < 0.01 (99% confidence interval) were considered as

indicating statistically significant and highly statistically significant, respectively.

3.3. Results and discussion

The quality, reproducibility and reliability of LPBF-built parts depend on the quality of
individual sintered single tracks and layers. Yadroitsev et al. (2015) elucidated that a
hierarchical approach, including a systematic analysis of LPBF parameters, is necessary to

control final product quality at every level during track and layer formation.
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3.3.1. Characterisation of employed powders

Figure 3.12 shows the morphology and the particle size distribution curves of the gas atomised
Ti6Al4V, cpTi and oxygen-free Cu powders. From the SEM micrographs, it may be seen that
the powder particles were smooth and highly spherical. Irregular particle morphology
negatively impacts LPBF processing and is unfavourable for efficient powder packing and
flowability. Thus, the deposition of a uniform layer of powder would be poor, and a skewed
particle size distribution could be a consequence of such morphology (Aboulkhair, et al., 2014).
Dzogbewu & Du Preez (2022) also observed Ti powder particles that were spherical and had
smooth surfaces without a distinct tendency towards aggregation. The average particle size of
the employed Ti6A14V, cpTi and Cu powders was 21.9 = 10.9 um, 22.3 + 10.5 um and 8.9 +
6.8 um, respectively.
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Figure 3.12: SEM micrographs (scale = 100 um) of the employed Ti6Al4V ELI cpTi and Cu
powder illustrated by (i), (iii) and (v), respectively, and particle size distribution curves of the

employed Ti6Al4V ELI, cpTi and Cu illustrated by (ii), (iv) and (vi), respectively
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3.3.1.1. In situ alloys

In situ mixing and alloying during the LPBF to manufacture Ti-Cu alloys combines both the
biocompatibility of Ti material and antibacterial properties of Cu at the bone-implant interface
(Zhang, et al., 2013; Vilardell, et al., 2020). Titanium implant material alloyed with Cu may
stimulate biological characteristics required for cell proliferation and promote differentiation
of stem cells in the field of tissue engineering, since Cu is an essential element (Shen, et al.,
2022). Song et al. (2014) found that Ti alloyed with up to 10 wt.% Cu substantially increased
cell viability, followed by a gradual decrease as the concentration of the alloying element
increased further. Although a higher percentage of Cu may guarantee bactericidal effect, Ti-
Cu alloys with lower amounts of Cu may not adversely affect the mechanical and corrosion
performances of Ti and its alloys (Vilardell, et al., 2020). The powders were analysed using
the SEM equipped with EDS, and the images thereof are shown in Figure 3.13. As with the
elemental and pre-alloyed powders, the particles of the in situ alloys were spherical and
smooth. The micrographs show an even distribution of Cu particles (in green) in the powder

mixtures.
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Figure 3.13: SEM micrographs (scale = 100 pm) showing spherical morphology of in situ
alloyed (i) Ti6Al4V-3Cu, (ii) Ti6Al4V-6Cu, (iii) Ti-3Cu, and (iv) Ti-6Cu powders (Cu

particles are indicated in green)
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3.3.2. LPBF single tracks

The optimisation of LPBF process parameters by fabricating single tracks from metal powders
has been the focus of several publications (Yadroitsev, et al., 2015; Kinnear, et al., 2016;
Dzogbewu & Du Preez, 2022; Ramosena, et al., 2022). The initiating step in the algorithm for
finding optimal LPBF process parameters is the fabrication of high-quality, stable single tracks.
For each powder material, there are sets of process parameters that yield stable or unstable
tracks. A stable tract is distinguished by continuous geometrical characteristics without
irregularities and with adequate penetration depth for providing a strong metallurgical bond
between the track and the substrate (Dzogbewu, et al., 2017). Discontinuities in tracks produced
by LPBF are characterised by the balling effect, irregular geometrical characteristics from
satellites, insufficient or absent substrate penetration, and keyhole mode (Figure 3.14)

(Dzogbewu, 2021).

Set of three track at particular scanning speed
] 1 \",‘- AY ®! s

Figure 3.14: Top view of a substrate illustrating single tracks with continuity and typical

metallurgical defects

To form tracks that have a metallurgical bond with the substrate, the hierarchy of the process
parameters, in order of importance, is as follows: laser power density, thickness of the
deposited powder layer, scanning speed and powder particle size (Yadroitsev, et al., 2012;
Krakhmalev, et al., 2017). Statistical factor analysis of laser process parameters shows that

geometric characteristics of a track, such as width and penetration depth, are determined mainly
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by the laser power density (Yadroitsev, et al., 2012). The powder layer thickness determines
the height of the track. Scanning speed is the most flexible parameter and simplest to adjust
during LPBF. Hence, by providing adequate layer thickness for the employed powder particle
size distribution, fixing the laser power density and optimising the scanning speed, the stability
of the tracks is achievable (Yadroitsev, et al., 2015). It is necessary to find a process parameter
window that ensures the production of high-quality, regular tracks (Dzogbewu, 2021). Figure
3.15 indicates laser powers (P), scanning speeds (V) and the linear energy density as the ratio

of laser power and scan speed (P/V).
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3.3.2.1. Top view analysis of single tracks

The morphology of a single tract is determined by the energy input and the interaction time of
the laser beam with the powder/substrate material (Vilardell, et al., 2020). The surface tension
causes the molten material to form a cylindrical track (Yadroitsev, et al., 2010; Yadroitsev, et
al., 2015). Various aspects may be associated with the mechanisms of distortion, irregularities
and balling effect. These aspects include inhomogeneity in powder layer thickness and the
material’s granulomorphometric characteristics, thermo-physical properties, and melt
hydrodynamics, as well as the energy input parameters (that is, laser power, spot size and

scanning speed) (Yadroitsev, et al., 2015; Krakhmalev, et al., 2017).

For the present investigations, it was observed that the molten pool plunges into the powder
bed and forms droplets at the edge of the tracks (Figure 3.14). During laser melting, the molten
liquid accumulates in a bow wave ahead of the laser spot as the laser beam scans the powder
layer. The widening molten liquid may spill over onto the powder particles ahead of the laser
beam and pinched off onto the powder bed as spatter particles (Matilainen, et al., 2015).
Yadroitsev et al. (2010, 2013a) also observed spatter particles of the stainless steel molten pool
and termed them satellites. Satellites are surface defects that form at the edge of a sintering
powder due to melt spattering and partial powder melting in the peripheral zone of the laser
spot (Dzogbewu, 2017). These satellite particles stick to the surface of the scanned track and
occur when the energy input is excessive due to high laser power or low scanning speed
(Yadroitsev, et al., 2013a). Ramosena et al. (2022) blended cpTi and Al-V master-alloy (MA)
powders to in situ alloy Ti6Al4V for optimisation using the EOSINT M 280 system. The
authors observed satellites forming at the edges of single tracks, leading to their formation on
the surfaces of single and double layers. Vilardell et al. (2020) observed many satellites at the
periphery of single tracks of Ti6Al4V(ELI)-3 at.% Cu that were LPBF-fabricated at laser
powers of 170 and 340 W and scanning speeds between 0.4-2.8 m/s on a 50 pm thick powder
layer. The formation of satellites was attributed to the high thermal conductivity and lower
melting point of Cu particles in the powder mixture. This high conductivity caused the heat
from the sintered track to redistribute into the surrounding powder particles, and they partially

melted and stuck to the solidified track (Vilardell, et al., 2020).

Periodic fragmentation has been documented in laser-based manufacturing processes as early

as 1968 (Zhang, et al., 2022). Fragmentation into bead chains of the re-melted tracks is a
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common LPBF shortcoming, indicating discontinuity of the single tracks and is referred to as
the balling effect (Yadroitsev, et al., 2010). During the layer-by-layer process, the balling effect
results in discontinuous scan tracks and large inter-track pores as layers are processed. This
results in a severe impediment to a uniform deposition of the next powder on the previously
processed layer and tends to produce porosity induced by poor interlayer bonding (Gu, 2015).
The balling effect was observed by Vilardell et al. (2020) at 170 W laser power and high
scanning speeds. Gu (2015) reported that the occurrence of balling decreased the linear laser
energy density, thereby lowering the densification rate of SLM-processed TiC/Ti
nanocomposite parts. The author postulated that interlayer pores may also result from the

balling effect.

The use of the Plateau-Rayleigh instability of a liquid jet to explain the balling (or humping)
phenomenon has been proposed in literature (Rayleigh, 1892; Zhang, et al., 2022). It states that
the instability of a free liquid cylinder initiates when the length-to-width ratio of the molten
pool exceeds m (Lee & Zhang, 2015). The Plateau-Rayleigh effect explains the underlying
physics of the balling effect and is used to determine the breaking time of cylindrical molten
metals above their liquidus temperature (Rayleigh, 1892). Hence, as the laser scanning speed
increases, the molten pool increases in length and decreases in width, leading to instability
(Chandrasekar, 1961; Lee & Zhang, 2015). Zhang et al. (2022) employed the Plateau-Rayleigh
theory in laser-based powder bed fusion of metals to show the initial instability of the molten
track and its growth rate. Viale et al. (2022) stated that Plateau-Rayleigh instability may occur
during the solidification of the molten track and cause the balling effect, resulting in very high
surface roughness in the as-built part. To minimise the impact of the Plateau-Rayleigh
instability and improve the homogeneity of the powder, Viale et al. (2022) recommended using
a thinner layer thickness and a slower scanning speed at a constant volumetric energy density.
Other factors that may be responsible for the balling phenomenon in LPBF include the local
powder particle arrangement, underlying substrate, wettability of the powder, gravity, capillary
forces, low laser beam power, non-Gaussian laser beams and Marangoni conversion (Korner,

et al., 2011; Lee & Zhang, 2015; Dzogbewu, 2017; Zhang, et al., 2022).

The Gaussian distribution of the laser beam intensity and scanning motion during processing
results in a non-uniform temperature distribution within the melt pool, which prompts
consideration of convection, keyhole formation and evaporation in the melting pool (Mirkoohi,

et al., 2018; Viale, et al., 2022). As a result, these temperature-surface tension gradients lead
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to the formation of a flow in the melt pool, known as “Marangoni convection” (Lee, et al.,
1998). The Marangoni convection of fluids, also known as thermo-capillary convection, is
associated with surface tension gradient whereby fluids flow from regions of low surface
tension to regions of high surface tension (Cox, et al., 2023; Abd-Elaziem, et al., 2024). The
Marangoni number (Ma) is defined as (Dzogbewu, 2017):

d dT L .
Maq =222~ Equation 3.1
dT dr 2na

a . . . ar . . .
where (%) is the surface tension gradient, pal the temperature gradient, L is the length of

the melt pool, # is the viscosity, and « is the thermal diffusivity.

While the gradient in surface tension directs the flow, the subsequent Marangoni stress of
thermocapillary-driven flow influences the shape of the molten pool (Cox, et al., 2023).
Generally, the temperature at the centre of the melting pool is higher due to the laser intensity
distribution. Thus, it is important to focus on the surface tension properties of the materials.
Should the surface tension be higher in the centre (that is, the surface tension gradient is
positive), the Marangoni flow tends to form a deep, narrow melt pool with chemical
homogeneity. Conversely, a negative gradient exists for a surface tension that is higher at the
melt pool boundaries, and the Marangoni flow forms a wider and shallower pool (Aggoune, et
al., 2021; Viale, et al., 2022). The Marangoni convection may be useful as a turbulence effect
to break the oxides on the surface of reactive materials such as aluminium and titanium alloys.
The keyhole effect is, however, directly related to the evaporation of alloying elements,
particularly in a deep melt pool where the gas is entrapped in the depths of the molten pool and
creates a vapour cavity defect (Viale, et al., 2022). The majority of pure metals and alloys have
been reported to exhibit a negative surface tension gradient (Keene, 1993) and Ti and its alloys
are accordingly expected to form shallow, wide molten pools of cylindrical liquids with high
surface energy. Disintegration of the thermocapillary-driven flow cylinder is required to reduce

the free surface energy of the molten metal (Dzogbewu, 2017).

The top-view micrographs of the single tracks are illustrated in FiguresFigure 3.16—Figure
3.20. The Ti6Al4V samples seemingly produce more spatter particles than the cpTi samples.
The spatter particles of Ti6Al4V-3Cu and Ti6Al4V-6Cu were similar, while those of cpTi
samples decreased with an increase in Cu content, with those of Ti-6Cu being the least.

Uniform tracks were distinguished in terms of their consistent width and continuity in length.
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The continuity of the initial track is due to the optimal combination of powder layer thickness,

laser power and scanning speed (Yadroitsev, 2009).
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Figure 3.16: Ti6Al4V-3Cu single tracks at various laser powers and scanning speeds (scale =

100 pum)
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Figure 3.17: Ti6Al4V-6Cu single tracks at various laser powers and scanning speeds (scale =

100 pum)
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Figure 3.18: cpTi single tracks at various laser powers and scanning speeds (scale = 100 um)
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Figure 3.19: Ti-3Cu single tracks at various laser powers and scanning speeds (scale = 100 um)
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Figure 3.20: Ti-6Cu single tracks at various laser powers and scanning speeds (scale = 100 pum)

Balling started at a higher scanning speed for the various laser powers, with the alloys of
Ti6Al4V experiencing a greater balling effect than those of cpTi, which may be traced on the
process maps for continuous and/or discontinuous single tracks illustrated in Figure 3.21.
Similarly, Yadroitsev et al. (2015) observed a balling effect at high laser power density and
high scanning speed, and the findings indicated a balling effect starting at scanning speeds
above 1.4 m/s for a 45 um powder layer. Vilardell et al. (2020) top-view investigation revealed
that stable single track occurred at scanning speeds below 1.4 m/s and 1.6 m/s with laser powers
of 170 W and 340 W, respectively. The authors also observed humping and balling at higher
laser scanning speeds, but the tracks remained continuous with ~50 pum penetration into the
substrate at 340 W and up to 2.8 m/s. The initially selected scanning speeds and corresponding
laser powers for this study provided sufficient energy for continuous track formation across all

powder combinations within established processing windows. It was noted that a gradual
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increase in the scanning speed has a considerable effect on the capillarity instability of the

molten laser cylindrical liquid tracks (Simchi & Asgharzadeh, 2004; Yadroitsev, et al., 2007).
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Figure 3.21: Process maps of sintered single tracks: top view
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Yadroitsev et al. (2015) investigated the influence of laser scanning speed on single track
quality of Ti6Al4V, showing that the track width decreased from 150 pum to 125 pum as the
scanning speed decreased from 0.16 m/s to 0.08 m/s at a laser beam power and a powder layer
thickness of 50 W and 50 um. Conversely, during the current experiment, for cpTi and all in
situ alloyed powders, a general reduction in track width at the same laser power was observed
as the scanning speed increased, as illustrated in Figure 3.22. The track width values were
higher at the 170 W and 300 W laser powers and lowest at 100 W across the various speed
points. Likewise, Yadroitsev et al. (2010) studied the effect of power input on track formation
and found that track width decreased with decreasing power. For laser powers of 50 W (0.06—
0.24 m/s scanning speed range) and 25 W (0.03—0.12 m/s scanning speed range), the width of
the fusion line varied from 125 pum to 85 pm and from 80 pm to 60 um, respectively. Bidare
et al. (2018) reported that other authors had made similar observations. This information is

crucial for determining hatch distance to ensure accurate overlapping between the tracks.
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Figure 3.22: Width of single tracks at different laser powers and scanning speeds

80 o1

Vilardell et al. (2020) studied single tracks of Ti6 Al4V(ELI)-3 at.% Cu manufactured using an
EOSINT M 280 system and found that an increase in laser power from 170 W to 340 W led to

an increase in single track width of approximately 25—50 um wider with the same scanning
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speed. The scanning speed range was between 0.4—2.8 m/s on a 50 um thick powder layer.,
Using a similar manufacturing system during this study and increasing the laser power from
100 W up to 170 W (for Ti-3Cu and Ti-3Cu) and up to 300 W (for c¢pTi, Ti6Al4V-3Cu and
Ti6A14V-6Cu) also showed an increase in track width at the same scanning speed. A minimal
difference in track width was observed with the addition of Cu. Thus, the Cu content in the
current samples did not affect the conductivity of the materials since the track width for higher
conductive materials is expected to be extensively greater than for low conductive materials
because heat is conducted away from the neighbouring areas (Chowdhury, et al., 2022). The
laser-related parameters (namely, laser power and absorption coefficient of the material) are
suspected to have a greater effect on track width and maximum temperature than other
parameters, such as powder size, apparent density of the powder layer, and so forth
(Yadroitsev, et al., 2015). The single track width may be physically limited by flows within the

molten pool, which are more prominent at higher laser power.

The impact of the selected process parameters on track geometry may be analysed with respect
to linear laser energy input P/V, where P is the laser power and V is the scanning speed. Figure
3.23 shows that increasing the scanning speed reduced the linear energy density. Consequently,
a reduction in energy density (for instance, when the laser power is low and the scanning speed
is high) lowers the molten pool temperature. At this low sintering temperature, a minimal and
highly viscous molten fluid forms, which leads to the formation of semi-discontinuous tracks
known as pre-balls and subsequent spherical drops on the substrate, which is the balling effect
(Krakhmalev, et al., 2017). On the other hand, higher input energy increases the sintering
temperature and promotes the formation of a large molten pool with a low viscosity,
encouraging the flow of the liquid phase. Moreover, at low scanning speeds, the conduction
phenomena promote heating of the substrate and powder material; thus, creating ideal
conditions for incorporating new material into the fusion process (Dzogbewu, 2017). However,
several factors involving complex mechanisms of interaction between laser radiation and a
powder system may complicate the continuity of the single tracks. These factors include the
substrate, the flow in the molten pool, the possible variable thickness of the powder layer and

non-homogeneous distribution of particles in the layer (Dzogbewu, 2017).
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Figure 3.23: Width of the single tracks versus linear energy density
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3.3.2.2. Cross-sectional analysis of single tracks

During the layer-by-layer LFBF process, if the specified process parameters provide adequate
laser energy density to melt the powder and penetrate the pre-existing layer, metallurgical
bonding within the substrate would occur. The molten pool formed during laser scanning of
the powder layer should remain stable to generate continuous single tracks with optimal
penetration depth, since it plays a significant role in the quality and mechanical properties of
3D-manufactured parts (Krakhmalev, et al., 2017; Vilardell, et al., 2020). Penetration into the
substrate, or the previously sintered layer, provides additional stability for continuous track
formation (Yadroitsev, et al., 2015). Re-melting of the substrate is necessary to bind the current
layer to the previous layer. This re-melting of the previous layer further enhances the stability
of the molten cylindrical liquid and dismantles the oxide films to ensure a clean surface
between the liquid and the solid at an atomic level (Yadroitsev, et al., 2010; Cobbinah, et al.,
2021). Figure 3.24 presents three possible cases — namely, lack/small penetration, optimum
penetration and keyhole-like penetration into the substrate — that may be observed when

analysing the cross-section of the single tracks.

Sintered track —

Powder bed—"p—= ‘ ) m m
/J \_/ \'4
Substrate

(@) (i) (iif)
Figure 3.24: Cross-sectional morphologies of single layer tracks of (i) lack/small penetration,

(i1) optimum conduction mode penetration, and (ii1) keyhole mode penetration

The case of minimal or lack of penetration is characterised by the formation of a rounded free
surface (circular cylinder) with a minimal contact zone with the substrate (Yadroitsev, et al.,
2010). Optimum penetration is achieved by the conduction mode and is characterised by a
semi-cylindrical “U-shape”, and the keyhole penetration mode is characterised by a deep,
narrow “V-shape” (Makoana, et al., 2016; Yang, et al., 2016). A major difference between
these two distinctive modes of laser processing lies in the laser energy density (power/spot
size) applied to the processing area. In conduction mode, the applied power density does not
cause substantial evaporation; thus, the energy density is just enough to melt the powder
completely and form a strong metallurgical bond with the previous layer. Whereas in keyhole
mode, there is excess power density to vaporise the material to such an extent that a hole is

created in the melt pool (Makoana, et al., 2016). The vapour formed enhances laser energy
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absorption into the substrate and subsequent “drilling” of the substrate to a far deeper depth

than is possible in conduction mode (King, et al., 2014).

When the combination of process parameters exceeds a certain threshold during LPBF, the
mode of thermal conduction in the molten pool may change from conduction mode to the
keyhole mode (King, et al., 2014). Complete re-melting of the powder layer and a portion of
the substrate is required for high-quality and pore-free objects to be manufactured
(Krakhmalev, et al., 2017). Conversely, keyhole-like penetration is unacceptable in LPBF as it
may provoke pores in the final 3D object due to the collapse of the molten pool and gas bubbles
trapped in the material. Penetration deeper than the powder layer thickness is also not suitable

for energy and resource efficiency (Yadroitsava, et al., 2015; Khairallah, et al., 2016).

Hann et al. (2011) investigated the effect of the processing parameter on various materials in
order to optimise the processing strategy and were able to demonstrate that the threshold for
transition from conduction to keyhole mode depends on power, speed and beam size for a
specific powder layer thickness. It has also been indicated that the layer thickness and, possibly,
the powder size distribution may influence the threshold (King et al., 2014; Yang et al., 2016).
King et al. (2014) cautioned that insufficient melting may result if the parameters are
excessively below the threshold, and that keyhole mode melting may occur if they are
excessively above the threshold. They concluded that the keyhole mode may be expected when
the penetration depth is greater than half the width of the tracks.

For the current study, investigations of the individual track cross-sections perpendicular to the
scanning direction were conducted to estimate the extent of the re-melted penetration depth
into the substrate and the height of the tracks above the substrate. Analysis of cross-sections
indicated that for the chosen layer thickness, the laser energy was sufficient to penetrate the
substrate for all the powder compositions, as shown in Figure 3.25. The re-melted depth
decreased as the scanning speed increased at the various laser powers. Increasing the scanning
speed at constant laser power decreased the linear energy density, leading to a reduction in
penetration depth (Figure 3.25). For the Ti6Al4V samples, the highest laser power of 300 W
produced lower penetration depths than the lower laser powers, indicating that a high laser
energy density is not necessarily required to melt the powder and penetrate the substrate.
However, the values produced by the cpTi samples were in favour of the notion that high laser

energy density, elevated by high laser power, results in
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deeper penetration depths.
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Figure 3.25: Re-melted depths of sintered tracks at varying scanning speeds and laser powers
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The cross-sections of the single tracts of Ti6Al4V-xCu and Ti-xCu (x = 3, 6 wt.%) alloys and
cpTi are shown in FiguresFigure 3.26—Figure 3.30. There was enough laser energy to melt the
powder completely and to achieve a sufficient laser energy density to melt the substrate
material, forming a metallurgical bond. Keyhole penetration was prevalent at low power and
speed, particularly in Ti6Al4V-3Cu and Ti6Al4V-6Cu, where the keyhole mode occurred at
100 and 150 W at scanning speeds below 0.6 m/s. Low penetration was mainly observed at
elevated power and speed. The highest scanning speed of 1.2 m/s for Ti6Al4V-3Cu and
Ti6Al4V-6Cu, illustrated in FiguresFigure 3.26 andFigure 3.27, respectively, exhibited the
least penetration depths. Furthermore, at the laser power of 300 W, the lowest re-melt depth
was observed at the majority of the scanning speeds when compared to the laser powers of 100,
150 and 170 W, as was demonstrated in Figure 3.25(i) and (ii). High surface tension very
rapidly (in about 5 ps) reverses the direction of the molten flow vector toward the centre of the
pool and traps gas bubbles within the melt, resulting in pores forming at the rear of the track
(Khairallah, et al., 2016; Dzogbewu, 2017). Under the chosen process parameters, no pores

were observed in the keyhole mode during the current experiments.
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150 W

Figure 3. 26 Cross sectlons of Ti6Al4V-3Cu single tracks at various laser powers and scanning

speeds (scale =20 um)
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Figure 3.27: Cross-sections of Ti6A14V-6Cu single tracks at various laser powers and scanning

speeds (scale = 20 um)
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Figure 3.28: Cross-sections of cpTi single tracks at various laser powers and scanning speeds

(scale =20 um)
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Figure 3.29: Cross-sections of Ti-3Cu single tracks at various laser powers and scanning speeds

(scale =20 pum)
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150 W

Figure 3.30: Cross-sections of Ti-6Cu single tracks at various laser powers and scanning speeds

(scale =20 um)
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King et al. (2014) and Yang et al. (2016) determined keyhole melting by identifying melt pools
with a penetration depth greater than half the width, as illustrated in Figure 3.31. For Ti6Al4V-
3Cu and Ti6A14V-6Cu, the highest laser power of 300 W yielded the lowest re-melted depth-
to-width ratios, all below one, and did not cause the keyhole mode. On the contrary, for cpTi,
the laser power of 300 W produced the highest ratios, with some indicating keyhole
penetration, while the lowest power of 100 W had the lowest ratios, with none indicating
keyhole penetration. This is expected as the keyhole mode is associated with high laser energy.
Similarly, for Ti-3Cu and Ti-6Cu, the higher laser powers exhibited higher ratios of re-melted
depths to half the width.
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Figure 3.31: Ratio of re-melted depth to half-width of the single tracks (red dashed line showing

rate ratio of 1.0)

124

© Central University of Technology, Free State



O

Central University of
Technology, Free State

The ratios at 150 W and 170 W primarily indicated conduction mode. Excessive laser energy
may have caused the laser beam’s topological depression in the substrate, creating a keyhole
(Khairallah, et al., 2016). The keyhole phenomenon causes the laser beam to penetrate too
deeply into previously melted/solidified layers, leading to pore formation and other
metallurgical defects (Dzogbewu, 2017). Vilardell et al. (2020) found that the depth of the
molten pool increased by almost double with increased laser power at the same laser scanning
speed. Moreover, during their analysis of the cross-sections of the tracks, a keyhole mode was
observed at and below scanning speeds of 0.4—0.6 m/s and 0.8 m/s with laser power of 170 W
and 340 W, respectively. Yadroitsev et al. (2010) studied the influence of power input on track
formation. They observed that the single track width and re-melted depth showed a linear
dependence, decreasing with decreases in laser power and scanning speed, and that the shape
of the liquid pool was substantially affected. For laser powers of 50 W (0.06—0.24 m/s scanning
speed range) and 25 W (0.03—0.12 m/s scanning speed range), the re-melted depth was 55-30
pum and 30-20 pm, respectively. The authors made similar observations in subsequent studies

(Yadroitsev, et al., 2015).

The measured heights of the tracks shown in

Figure 3.32 noticeably demonstrate the uneven nature of the track heights. Yadroitsava et al.
(2015) made similar observations with the track heights of Ti6Al4V and attributed the
irregularities in track heights to inhomogeneous deposition of powder layer and melt
hydrodynamics. Yang et al. (2016) demonstrated that the track heights of Ti6Al4V were nearly
constant at approximately 30 um across various scanning speeds and ascribed the consistency
in track heights to low layer thicknesses (20—40 um at 100-400 W). As shown in

Figure 3.32, the track heights varied from the powder layer thickness of 50 pm. For Ti6Al4V-
3Cu, the difference between track heights and layer thickness at various scanning speeds at 100
W was statistically significant (p = 0.0326), was highly significant at 150 W (p = 0.00006) and
300 W (p = 0.0001) and was insignificant at 170 W (p = 0.6360). For Ti6Al4V-6Cu, an
insignificant difference was observed for 100 W (p = 0.8929) and 300 W (p = 0.9075), and a
highly significant difference was observed for 150 W (p = 0.0048) and 170 W (p = 0.000001).
For cpTi, the differences were all highly significant at p = 0.0015, 0.0006, 0.00001 and
0.0000002, respectively, for 100, 150, 170 and 300 W. For Ti-3Cu, at 100 W (p = 0.00001)
and 170 W (p = 0.0017), the differences were highly significant and for 150 W, there was a
significant (p = 0.0194) difference between track heights and layer thickness. For Ti-6Cu and
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for all the laser powers, values of the track heights and layer thickness displayed high
significance at p = 0.0040, 0.0001, and 0.0005 for 100, 150, and 170 W, respectively.
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Figure 3.32: Heights of the single tracks at varied laser powers and scanning speeds (red dashed

line showing powder layer thickness constant at 50 pm)

126

© Central University of Technology, Free State



O

Central University of
Technology, Free State

Following the cross-sectional process maps of the single tracks illustrated in Figure 3.33, the
current process parameters generally start in keyhole mode, followed by optimum conduction
mode (or skip keyhole mode and start in conduction mode), then proceed to pre-balling and
end with balling effect. In the present experiment, it may be posited that for each laser power,
there exists a specific scanning speed range that yields optimal results. Therefore, there may
be a defined range of scanning speeds for a particular laser power to produce the desired

mechanical properties.
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Figure 3.33: Process maps of single tracks produced: cross-sectional view
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It has been suggested that, at elevated laser powers, the range of optimal scanning speeds for
the formation of stable, continuous, single tracks, as indicated by metallurgical bonding, would
expand (Yadroitsev, 2009). However, at excessively high laser power density, keyholes occur
at low scanning speeds, and instability of long shallow molten pools occurs at high scanning
speeds (Yadroitsev, et al., 2015). Single tracks are not only formed from the powder directly
under the laser spot, but also from adjacent particles due to the scattering of radiation,
conduction through the substrate and neighbouring particles, capillary phenomena, and so forth
(Yadroitsev, et al., 2015). The denudation zone, that is, the area without powder after laser
scanning, may be double the width of the track (Yadroitsev, 2009). This effect defines the
geometrical characteristics of the single tracks and the eventual morphology of layers
(Yadroitsev, et al., 2015). Krakhmalev et al. (2017) investigated Ti6Al4V (ELI)-1 at.%Cu
material, manufactured by LPBF from a mixture of Ti6Al4V (ELI) and pure Cu powders and
found that at the laser spot size of 80 um and laser power of 170 W, stable tracks were formed
at a scanning speed range of 0.7—1.3 m/s. For the present study, the optimal scanning speeds at
the corresponding laser powers are listed in Table 3.5. At these parameters, stable tracks were
formed. Consequently, the manufacturing of double layers and 3D specimens was done at these

process parameters.

Table 3.5: Process parameters optimised during single track analysis

Powder Laser power, P (W) Scanning speed, V' (m/s)
. 170 0.2
Ti6A14V-3Cu 300 05
. 150 0.1
Ti6A14V-6Cu 300 03
. 150 0.3
cpTi 170 0.6
. 150 1.4
Ti-3Cu 170 0.6
. 150 04
Ti-6Cu 170 0.6

3.3.3. LPBF double layers

The quality of individual sets of single tracks determines the morphology and mechanical
properties of the final object. Single tracks with regular shapes allow for homogeneity of the
layers onto which powder layers may be evenly deposited and result in a dense final part
(Vilardell, et al., 2020). According to Yadroitsev et al. (2015), the hierarchical design algorithm

states that the basic building block of laser-sintered objects is a set of single tracks that are
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placed side-by-side to form a single layer. Furthermore, it has been demonstrated that the
surface morphology of a single layer depends on the characteristics of the set of conjoining

single tracks that produce the layer using LPBF (Ramosena, et al., 2022).

A previously solidified layer serves as the substrate for the subsequent layer in the layer-by-
layer formation. This layer-wise process continues until the object is manufactured. In other
words, the superposition of various tracks and layers results in the manufacture of 3D objects.
The interaction between radiation and properties of the powder and the substrate has a
substantial effect on the molten pool dynamics and thus on the solidified layers (Childs, et al.,
2004; Kruth, et al., 2005). Fundamental parameters such as laser power, spot diameter,
scanning speed, hatch distance, powder layer thickness, and powder characteristics also have a
decisive effect on the surface morphology of LPBF parts (Dzogbewu, 2021; Ruban, et al.,
2014). Optimal hatch distances are essential for the reduction of the process time and control
of thermal cycling during LPBF (Krakhmalev, et al., 2017). Moreover, information on the
geometric characteristics of single tracks is useful for establishing the hatch distance for laser
beam scanning. The relationship between the numerous parameters has been proven to be non-
linear (Yadroitsev, et al., 2010). Hence, it is necessary to conduct an experimental investigation
to identify the combination of process parameters required to achieve the desired surface

quality.

Determining the effect of a hatch distance and scanning strategy on the surface quality and
distribution of elements in the in situ sintered alloy is vital (Krakhmalev, et al., 2017). Shah &
Dey (2019) found hatch spacing to be the most important process parameter affecting relative
density and also had a major influence on the ultimate tensile stress of built parts. The repeated
powder deposition and scanning during the layer-by-layer LPBF process may amplify
undulations associated with defects, such as cracks, high surface roughness, and possible
building failures (Zhang, et al., 2022). Studying the morphology of a single layer is essential
in the selection of the optimal strategy to manufacture pore-free 3D objects (Yadroitsev, et al.,

2015). The double layers produced for the present investigation are shown in Figure 3.34.
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Figure 3.34: Double layers sintered on Ti6Al4V substrate

3.3.3.1. Top surface analysis of double layers

The width of single tracks that formed the scan and rescan samples ranged from 63 to 515 um
for the various powders. Thus, the selected hatch distances allowed efficient overlapping of the
individual tracks that formed the layers (Figure 3.35). Ramosena et al. (2022) postulated that
at average track widths of 152 and 145 pm, a hatch distance of 80 um would allow for a more
efficient overlap of single tracks as compared to those of 90 and 100 pm hatch distanceslt may
be observed from the images obtained with the optical microscope shown in Figure 3.35 that,
across all samples, the tracks completely overlapped at the various process parameters, forming

metallurgical bonding and fully dense sintered surfaces.
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Figure 3.35: Top view of LPBF surfaces from Ti6A14V-based and Ti-based in situ alloys (scale =
100 um)
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Figure 3.35: Top view of LPBF surfaces from Ti6A14V-based and Ti-based in situ alloys (scale =

100 pm) (cont.)
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Figure 3.35: Top view of LPBF surfaces from Ti6A14V-based and Ti-based in situ alloys (scale =

100 um) (cont.)
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Figure 3.35: Top view of LPBF surfaces from Ti6Al4V-based and Ti-based in situ alloys (scale =
100 pm) (cont.)

Surface roughness

The primary purpose of analysing the surface topography of a LPBF layer is to examine the
roughness of the surface. Surface roughness is a factor of great importance influencing the quality
of LPBF parts and evaluating the accuracy of the manufacturing strategy (Ruban, et al., 2014;
Vilardell, et al., 2020). Measurements of surface roughness are usually quantified as values of
average linear roughness (R,) and ten-point mean roughness (R:). R, value is the arithmetic average
of the absolute values of the profile height deviations from the mean line and recorded within the
evaluation length (Krakhmalev, et al., 2017). R value is an average of the vertical distance between
the highest and lowest points (that is, a combination of peak heights and valley depths) of the
profile within a sampling length (Krakhmalev, et al., 2017; Ramosena, et al., 2022). Krakhmalev
et al. (2017) argued that the R: value is more applicable for the assessment of surface roughness of
LPBF objects since every surface defect may result in a bulk defect detrimental to the quality of
the final object, and R. values describe extremes in heights or depths responsible for surface

roughness.

The surface roughness of single scanned and rescanned layers of cpTi and in situ alloys was
measured at hatch distances of 80, 90 and 100 um and the R, and R. values are illustrated in

FiguresFigure 3.36 andFigure 3.37, respectively. The R, and R: values of Ti6Al4V-3Cu decreased
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during the single scan and generally increased during the rescan, although the single scan values
were higher than those of the rescan. The opposite trend was observed for Ti6Al4V-6Cu, whereby
the roughness parameter values increased for the single scan and decreased for the rescan.
Rescanned layers were rougher at 80 and 90 pm hatch distances, and smoother at 100 um. For
cpTi and Ti-3Cu, R, and R: increased with hatch distance, and the single scan layers had higher
roughness than the rescan layers. The trend for Ti-6Cu indicated a small change in roughness,
particularly in R: values. It has been reported that, for LPBF parts, top-surface roughness is 6—10
um for R, and >30 um for R: value (Dzogbewu, 2017). The experimental results were in proximity

to the expected values for both R, and R..
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Figure 3.36: Surface roughness R, values of double layers at varied hatch distances
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Figure 3.36: Surface roughness R, values of double layers at varied hatch distances (cont.)
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Figure 3.37: Surface roughness R: values of double layers at varied hatch distances
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Figure 3.37 : Surface roughness R: values of double layers at varied hatch distances (cont.)

Since the molten surface area increases as the hatch distance decreases, it is expected that surface
roughness would increase with increasing hatch distance. At a lower hatch distance, a larger
surface area of the previously solidified layer is re-melted, which could melt any unmelted powder
particles (Dzogbewu, et al., 2017). A higher roughness of the rescanned surfaces may be due to
machine properties, thermo-physical properties, and laser absorptance of the powder material. In
addition, the rougher surface before rescanning may experience a more substantial Marangoni
effect, resulting in a smoother layer post-rescanning. The two-zone strategy involves rescanning
without deposition of powder; therefore, a layer of solidified or partially solidified molten pool

tracks is scanned during rescanning.
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For their study, Oyesola et al. (2021) examined the effects of laser power and scanning speed on
the surface roughness of Ti6Al4V metal specimens fabricated via SLM. They found that surface
roughness decreased with increasing laser power and increased with increasing scanning speed.
Similarly, Vilardell et al. (2020) and Krakhmalev et al. (2017) characterised in situ alloyed
Ti6Al4V (ELI)-3 at.% Cu and Ti6Al14V (ELI)-1 at.% Cu, respectively, and found that the surface
roughness increased with an increase in scanning speed. Krakhmalev et al. (2017) further
discovered that surface roughness increased with increasing hatch distance. Likewise, Ramosena
et al. (2022) found that the R: of in situ alloyed Ti-6Al4V increased with increasing hatch distance.
The findings of Dzogbewu et al. (2017) were in disagreement, stating that the surface roughness
increased with decreasing hatch distance for in situ alloyed Til5Mo. According to Dzogbewu et
al. (2017), a lower hatch distance resulted in a larger surface area of the previously solidified layer
being re-melted, potentially melting previously unmelted powder particles. The authors also found
that surface roughness increased with increasing laser power and scanning speed. Thijs et al.
(2010) found that varying the hatch spacing also alters the energy density and may influence the
overlap between two neighbouring scan vectors. There were no noteworthy relationships between
the roughness values and either the laser power/scanning speed combinations or the different Cu

contents across the various alloys in this study.

Variations in surface roughness may provoke porosity resulting from the lack of fusion of layers
within the 3D object, particularly since the previously melted single layer is the substrate for the
subsequent layer (Vilardell, et al., 2020). Possible causes of surface defects that may increase
roughness include satellites, denudation, balling effect and pores. For the current study, many
satellite particles were found adhering to the solidified surfaces after the single scan process, as
displayed on the SEM micrographs in Figure 3.38. Satellite particles formed from spluttered liquid
droplets from the molten pool are considered peaks in surface roughness measurements.
Krakhmalev et al. (2017) observed more satellites on the surface at higher scanning speeds and
hatch distances that led to a dramatic increase in the measured surface roughness parameters.
Similarly, double layers produced by Ramosena et al. (2022) exhibited more satellites at a hatch
distance of 100 pm than those produced at a hatch distance of 90 um. These satellite particles have

been shown to adversely affect the mechanical properties of sintered parts (Andani, et al., 2017).
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Figure 3.38: Single scanned and rescanned double layers at 80—-100 um hatch distances (scale =

100 pm)
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Figure 3.38: Single scanned and rescanned double layers at 80—-100 um hatch distances (scale =

100 pm) (cont.)
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Figure 3.38: Single scanned and rescanned double layers at 80—100 pm hatch distances (scale =
100 pm) (cont.)

Excessive balling also causes a surface to be irregular and improper deposition and inhomogeneity
of the subsequent layer as a result of various regions having different melting and solidifying
behaviours (Aboulkhair, et al., 2014). Osakada & Shiomi (2006) suggested that these balls form
due to non-linear solidification. Aboulkhair et al. (2014) observed balling when the scanning speed
increased and credited it to capillary instability in the molten pool, promoted by high speed, leading
to the splashing of small liquid droplets onto the surface. If the hatch distance exceeds the single
track width, the powder is sintered in a sequence of individual tracks, and gaps occur between
tracks in a layer, which causes chains of pores in the final LPBF component (Yadroitsev, et al.,
2015). When the hatch distance is less than the width of the track, overlapping occurs — that is, one
part of the molten pool solidifies in contact with the previous synthesised track, and the other part
solidifies in contact with the substrate (Yadroitsev, et al., 2015). Vilardell et al. (2020) suggested
that irregularities and undercuts may lead to rough surfaces on single layers and to porosity in the
final 3D parts. The authors detected pores and deeper penetrations into the substrate during the
formation of single tracks and layers at slow scanning speeds of 0.4—0.6 m/s, and the

humping/balling effects, which started at 1.4 m/s.
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Despite contradictory findings on the influence of process parameters on surface roughness, the
majority of studies (including the current one) agreed that rescanning decreased surface roughness.
Previous studies have shown that rescanning of LPBF layers improves surface quality (Kinnear,
et al., 2016; Dzogbewu, et al., 2017; Vilardell, et al., 2020; Ramosena, et al., 2022). Spatter
particles are powder particles that did not efficiently melt; therefore, the second laser scan may
melt them sufficiently to fuse them into the molten layer. Ramosena et al. (2022) stated that after
rescanning, the value of R decreased by an average of 51% due to the reduction in satellites formed
by single scanning. Dzogbewu et al. (2017) also observed a decrease in the R. value after
rescanning; thus, rescanning considerably reduces surface roughness. The authors had
hypothesised that the rescanning strategy may ensure that the laser melts satellites and enhances
the homogeneity of in situ alloyed material. During their investigations, Yadroitsev et al. (2015)
and Krakhmalev et al. (2017) discovered that the application of the rescan strategy removed the
majority of satellites from the surface and reduced the roughness of the manufactured layer. After
the first scanning during the study by Yadroitsev et al. (2015), a lack of symmetry in the cross-
section of the tracks was observed, and a non-uniform thickness of the sintered layer resulted from
the denudation of the substrate-powder material used to produce the track. Aboulkhair et al. (2014)
found that scanning each layer twice at a scanning speed of 500 mm/s effectively reduced porosity.
The reduction (if not elimination) of keyhole pores, however, was at the expense of introducing
metallurgical pores because of the excessive energy required to double scan at slower scanning

speeds.

When rescanning is applied and as the laser beam interacts with the solid material during the
second laser pass, thermo-physical conditions of LPBF are different: absorptivity, reflectivity,
thermal conductivity and heat transfer of the powder differ from those of the solid material, and
the geometrical characteristics of the tracks change (Yadroitsev et al., 2013a,b). The solid material
has a lower laser absorbance than the powder material (Yang, et al., 2018), and therefore, during
the second laser scan, the partially melted powders absorbed more laser radiation, thus leading to
complete melting and redistribution into the bulk material. In addition, the lowered temperature
by the solid surface influences the penetration depth and width of the molten pool (Yadroitsev, et
al., 2013b). These observations from previous investigations were confirmed by those obtained in

the current study. The effect of this strategy is also illustrated in the SEM micrographs in Figure
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3.38, showing the double layers before and after rescanning, with fewer to no satellites and greater

surface homogeneity observed after rescanning.

Other thermo-physical differences to be considered are those between the Ti6Al4V substrate and
the new powder material consisting of copper, which also interacts with the laser beam to form a
single track. The Ti with Cu has a greater thermal conductivity and reflectivity, and a high
concentration of Cu at the edges may increase the reflection coefficient of laser radiation
(Vilardell, et al., 2020). Furthermore, in metals with low absorptivity in their flat and smooth state,
such as Cu, the absorptance increases considerably with surface roughness (Kinnear, et al., 2016).
The scan that follows passes over a relatively regular powder bed that leads to the formation of a
larger molten pool and a larger denudation zone. This condition is repeated numerous times during
the manufacturing of a layer and results in a variation of the penetration depth and track width

(Vilardell, et al., 2020).

Homogeneity of Cu

Scanning electron microscopy with EDS elemental map analysis was performed to verify the
distribution of Cu at the surfaces of the Ti6Al4V and cpTi alloys. It was revealed that the Cu was
inhomogeneously distributed across all samples during the single scan (Figure 3.39). It is
noteworthy that the Cu concentration appeared higher on cpTi surfaces than on Ti6Al4V surfaces,
particularly after the single scan. Rescanning improved the distribution of the Cu in all the alloys
by re-melting concentrations of Cu that formed at the boundaries of the single tracks. The Cu
appeared most evenly distributed at the hatch distance of 80 pm, and no substantial difference was

observed between 90 pm and 100 um hatch distances after the single scan.
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Figure 3.39: Cu distribution map by SEM-EDS spectra from various powder compositions
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Figure 3.39: Cu distribution map by SEM-EDS spectra from various powder compositions (cont.)
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Figure 3.39: Cu distribution map by SEM-EDS spectra from various powder compositions (cont.)

Kinnear et al. (2016) and Krakhmalev et al. (2016) performed SEM-EDS analyses to assess the
homogeneity of Cu in Ti6Al4V on the surface of a single layer manufactured from in situ alloyed
Ti6Al4V-xCu material using the single and rescan strategies at various scanning speeds (0.7-1.3
m/s) and hatch distances (70—-100 um). The studies revealed that Cu homogeneity decreased as the
scanning speed and hatch distance increased (that is, a decrease in energy input) under both scan
strategies. A smaller hatch distance helps to re-melt a larger portion (40-50 % of single track
width) of the previously manufactured single track, ensuring better in situ homogenisation of the
material (Vilardell, et al., 2020). Nonetheless, changing from a single scan to a rescan strategy

removed the majority of the Cu segregations that formed at the peripheries of the single tracks,
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possibly due to the complete re-melting of the material by the repeating scan. Rescanning also
enhances the Cu composition on the surface of a sintered layer. This variation in the Cu
concentration is relatable to the vast deviation in the material properties of Ti materials and Cu, as

llustrated in Table 3.2.

3.3.3.2. Cross-sectional analysis of double layers

The cross-sections of the double layers of the studied sample alloys are shown in Figure 3.40.
Copper particles melted and repeatedly created islands of solidification lines of the material after
the single scan, as noted in the Cu containing samples in Figure 3.40. Rescanning seemingly
increased the re-melt depths of the double layers. This observation is in agreement with the study
of Krakhmalev et al. (2017), during which the cross-sections of single layers revealed that the
average re-melted depth was about 60—70 um after a single scan, and the total re-melted depth into
the substrate increased to approximately 110 um after the rescan. At this depth, sufficient

metallurgical bonding between layers to provide fully dense LPBF parts was achieved.
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Figure 3.40: Cross-sectional view of LPBF double layers of Ti6Al4V and cpTi in situ alloys with
Cu (scale = 50 pm)
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Figure 3.40: Cross-sectional view of LPBF double layers of Ti6Al4V and cpTi in situ alloys with
Cu (scale = 50 pm) (cont.)
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During the rescanning process, the previously rough surface would enhance laser radiation
absorbance of the samples (Bergstrom, et al., 2007). The increase in laser absorptivity due to the
rougher surface triggers both an increase in temperature and a more pronounced flow of the molten
pool. During the cross-sectional analyses of the double layers by Ramosena et al. (2022), layers
produced at a hatch distance of 80 um showed better track-to-track overlap than those produced at
90 or 100 um when different process parameters were applied. Furthermore, Kinnear et al. (2016)
and Ramosena et al. (2022) found neither gaps between tracks nor delamination between layers at
the various hatch distances during the production of single and double layers. Similarly, for the
present study, defects such as porosity, delamination of layers and solidification cracks were not
observed in LPBF double layers before and after rescanning for all powder compositions at a hatch

distance of 80 um. Therefore, this hatch distance was used to fabricate the 3D objects.

3.3.4. LPBF 3D objects

The line-by-line and layer-by-layer building process applied during LPBF manufacturing results
in the microstructure of the built parts differing when viewed from different planes, forming the
top, side, and front views (Thijs, et al., 2010). A commonly used coordinate system is the scanning
plane XY in the Z build direction. During the LPBF process, the single scan tracks are arranged in
the scanning direction, and the layers are arranged in the build direction (Yadroitsev, et al., 2010;
Yadroitsev, et al., 2015). The 3D cubes produced for the present study on a Ti6Al4V substrate are
presented in Figure 3.41.

Figure 3.41: LPBF 3D objects manufactured from Ti64- and cpTi-based powders for optimisation

process
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3.3.4.1. Porosity

Porosity has a crucial impact on the final structural properties and performance. Defects (porosity-
type) occurring in LPBF AM are primarily classified into three categories based on their formation
mechanisms and physical characteristics: gas, keyhole and lack-of-fusion pores (du Plessis, 2019;
Snell, et al., 2020; Jost, et al., 2021; Nudelis & Mayr, 2021). Gas pores are also known as
metallurgical or hydrogen-induced pores because their formation is credited to either defects
induced on surfaces of the inception powder particles when gaseous argon is entrapped during the
atomisation process or the hydrogen readily entrapped in LPBF parts during the melting and
solidification process (Gong, et al., 2014; Snell, et al., 2020). They are the smallest and most
spherical of all pores, with diameters up to 100 pm, and are randomly distributed within the LPBF
part (Aboulkhair, et al., 2014; Snell, et al., 2020; Ramosena, et al., 2022). Metallurgical pores are
usually the most prevalent pore type in AM processes (Snell, et al., 2020), however, they are the
least deleterious. Luo et al. (2022) prepared Ti6Al4V samples using LPBF followed by heat
treatment to relieve residual stress. Their observations revealed internal pore size distributions
consisting of small, spherical gaseous pores with equivalent diameters below 50 um in all LPBF
samples with no preferred locations. The researchers found that although there was a large number
of these small pores, they made a negligible contribution to the overall porosity due to their small
size. These gaseous pores accounted for an average of 60% of the total pores, but contributed only
~5-15% of the total pore volume of a sample. Moreover, Luo et al. (2022) found that defects
smaller than 50 um in diameter retained an elongation-to-failure of 12% and thus had no impact

on the ductility of the material.

Keyhole (KH) pores are characterised by their near-spherical shape and pore diameters typically
less than 100 um. These pore types are caused by high input energy (high power, low speed and
low hatch distance) resulting in excessive penetration of the metal powder during the melting
process, which leaves a pore near the bottom of the melt pool after solidification because of the
Marangoni effect (Snell, et al., 2020; Shrestha & Chou, 2022; Suryawanshi, et al., 2023). The
resultant pore is a relatively large pore that is either circular horizontally and elongated vertically
or has a wider top with a narrow bottom resembling a keyhole (Snell, et al., 2020). Keyhole pores
form within the track boundary where the energy density is high and deep penetration melting

occurs (Shrestha & Chou, 2022).
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The so-called lack-of-fusion (LoF) porosity originates from insufficient overlap of successive melt
pools caused by incomplete melting of powder particles and/or individual scan tracks (Tang, et al.,
2017; Shrestha & Chou, 2022). Lack-of-fusion pores are caused by a low input energy (low power,
high speed and high hatch distance) applied to the powder bed during the melting process, which
fails to melt the metal powder fully and so leaves voids in the final part (du Plessis, 2019; Snell,
et al., 2020; Zhao, et al., 2023). Lack-of-fusion pores show a highly irregular morphology and are
usually larger in size, with diameters of above 100 um (Xiao & Zhang, 2014; Aboulkhair, et al.,
2019). The sizes of LoF pores may vary greatly depending on the process parameters (Shrestha &
Chou, 2022). These pore types are the largest and least spherical (Snell, et al., 2020). Energy
density levels below the LoF threshold may not successfully build parts due to severe thermal
deformation (Gong, et al., 2014). Lack-of-fusion pores may be found to enclose non-molten
powder particles (Aboulkhair, et al., 2019). Smearing or polishing during common metallographic
techniques may obstruct the observation of the non-molten powder (Aboulkhair, et al., 2019).
Keyhole and LoF defects may be influenced and controlled to a degree by process parameter
optimisation, while the distribution of gas pores is mainly dictated by raw material quality (Jost,
et al., 2021). Table 3.6 summarises the characteristics of the pore types form during the sintering

procedure.

Table 3.6: Characteristics of pores commonly occurring in LPBF parts

Pore type Gas pores Keyhole pores Lack-of-fusion pores
Cause Trapped gas/moisture Excess of input energy Insufficient input
energy
Size <100 pm <100 um >100 pm
. Near-spherical,
Morphology Spherical keyhole shape Irregular
Sphericity ¥ > 0.6 ¥ >0.6 ¥<0.6

Planar to the layers, in
Within track boundaries | between tracks and
layers

Orientation in the | Randomly distributed
final part

Since the formation of the KH and LoF pore is dictated by energy density, there should be a
correlation between energy density and pore frequency. An increase in energy density should
increase the occurrence of KH pores and decrease the number of LoF pores (Snell, et al., 2020).

Part density (or porosity) is typically measured experimentally with respect to energy density
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(Tang, et al., 2017). While linear energy density (P/V) is effective when analysing the melt pool
geometry of single tracks, volumetric energy density (VED) has been shown to have a direct effect
on the mass density of the parts (Majumdar, et al., 2019; Khaimovich, et al., 2022; Shrestha &
Chou, 2022). A correlation between VED values and internal porosity in the final parts has been
established, demonstrating the possibility of minimising residual porosity should deposition take
place within a precise VED window (Gong, et al., 2014; Kasperovich, et al., 2016; Bertoli, et al.,
2017). The volumetric energy density describes the amount of energy delivered per unit volume
of powder deposited on the bed, and is expressed as a ratio between laser power (P, in J/s),
scanning velocity (7, in m/s), hatch distance (4, in m) and layer thickness (z, in m) (Kasperovich,

et al., 2016; Bertoli, et al., 2017):

N 3 :
VED = vt [J/m?] Equation 3.2

Volumetric energy density affects the melting pool, and Bertoli et al. (2017) demonstrated that
values below 100 J/mm? are insufficient to fully melt an alloy. Volume energy is currently the
most established measure to quantify continuous wave laser sources and is employable to analyse
and adjust the process-material relationships (Kasperovich, et al., 2016). The dominant parameter
in determining pore density, size, and shape is laser power, followed by scanning speed and hatch
spacing. Thus, the variation of pore properties is related to the power and volume energy. In
general, with increasing power and volume energy, pore density and mean diameter decrease and

sphericity increases (Zhao, et al., 2023).

The sphericity, ¥, is defined by (Wadell, 1935) as:

*[36mv7,2
surface area of the volume equivalent sphere __ ﬂdgq _ Vo
surface area of the particle SA SA

Y= Equation 3.3

where d., is the diameter of the sphere having the equivalent volume as the particle, V), is the
volume of the particle, and S4 is the surface area of the sphere. The measure of sphericity
approximates the degree to which the shape of a particle approaches the shape of a sphere and is

independent of the particle’s size (Cruz-Matias, et al., 2019). Sphericity values range from O to 1.

The maximum value of one corresponds to a particle with a perfectly spherical shape. The closer
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the sphericity value is to 1, the better the sphericity of that shape, and it becomes closer to 0 for a
more concave, elongated or irregular shape of the void (Bagheri & Bonadonna, 2016; Kasperovich,
et al., 2016; Li, et al., 2024). For sphericity, standards for the criteria of spherical and irregular
shapes were not discovered during the current project and values in literature were open to
interpretation (Snell, et al., 2020). Snell et al. (2020) and Nudelis & Mayr (2021) identified defects
with a sphericity of 0.6 or less as LoF pores and classified those with a sphericity above 0.6 as
gas/KH pores. Thus, these criteria were applied to describe the sphericity of defects identified in
this study.

FiguresFigure 3.42—Figure 3.46 illustrate CT scans of the pore distribution within the test samples.
The typical pore size in as-built Ti6Al4V ELI samples ranged from 30 to 200 um during the study
of Yadroitsev et al. (2018). Zhao et al. (2023) investigated the relationships between printing
parameters, pore properties and porosity in 316L stainless steel samples additively manufactured
by LPBF. The results of their study showed that 65 W and 43.33 J/mm? volume energy were
insufficient to liquefy the previous layer and the hatch line, which led to pores forming due to
incomplete binding of the powder layer or hatch line. These pores were large, aligned parallel to
layers or hatch lines, and exhibited elongated voids with a sphericity of 0.37 (LoF porosity). When
Zhao et al. (2023) increased the power to 85 W and the volume energy to 56.67 J/mm?, smaller,
rounder KH pores formed, with a sphericity of 0.56. Baumgértner et al. (2023) observed a decrease
in pore diameter with an increase in the measured pore sphericity, which was ascribed to the

rounding effect and a reduction in LoF pores.
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Figure 3.42: Porosity nanoCT scans of Ti6Al4V-3Cu samples produced at (i) P=170 W, '=10.2
m/s (VED = 212.5 J/mm?), and (ii) P =300 W, V= 0.5 m/s (VED =150 J/mm?®). Building direction
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Figure 3.43: Porosity nanoCT scans of Ti6Al4V-6Cu samples produced at (i) P =150 W, J'=0.1
m/s (VED = 375 J/mm?®), and (ii) P = 300 W, V' = 0.3 m/s (VED = 250 J/mm?). Building direction
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Figure 3.44: Porosity microCT scans of cpTi samples produced at (i) P= 150 W, V'=0.3 m/s (VED

= 125 J/mm?®), and (ii) P = 170 W, V' = 0.6 m/s (VED = 70.8 J/mm?). Building direction is along
the Z axis
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Figure 3.45: Porosity microCT scans of Ti-3Cu samples produced at (i) P =150 W, V= 1.4 m/s
and (VED = 26.8 J/mm?®), and (ii) P =170 W, V= 0.6 m/s (VED = 70.8 J/mm?). Building direction
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Figure 3.46: Porosity microCT scans of Ti-6Cu samples produced at (i) P =150 W, V= 0.4 m/s
and (VED = 93.8 J/mm?), and (ii) P=170 W, V= 0.6 m/s (VED = 70.8 J/mm?). Building direction

is along the Z axis

The CT scanning results are tabulated in Table 3.7, and it is evident from the values of the cpTi-
based samples that the same VED did not produce the same volume of defects across the different
samples. Also, when comparing each pair consisting of the same powder composition processed
using the two different parameters, it may be seen that those with more defects did not necessarily
contain defects with the highest diameter or lowest sphericity. Hence, the importance of analysing
not only the overall quantity of pores, but also the morphology of the pores. It is noteworthy that
there was generally a low positive correlation (» = 0.2532) between the diameter and sphericity of
all test samples, indicating that the two did not have a strong relationship. Also noteworthy is that
the VED for samples produced with cpTi powder was generally significantly (p = 0.0261) lower
than that for samples produced with Ti6Al14V powder. From FiguresFigure 3.42—Figure 3.46 and
Table 3.7, it may be concluded that samples mainly consisted of metallurgical and/or KH pores.
The samples manufactured by Gong et al. (2014) through SLM of pre-alloyed Ti6Al4V powder
experienced rapid growth in porosity at a laser power of 160 W and scanning speed of below 600
mm/s (high energy density) and at a laser power of 40 W and scanning speed of 1200 mm/s (low
energy density). There was no apparent porosity at 160 W when the scan speed was between 600
and 1600 mm/s, and at 80 W for approximately 600 mm/s. Consequently, since high and low

energy density produce KH and LoF pores, respectively, the minimal porosity volume in most of
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the current test samples indicates that porosity may be attributed to metallurgical pores. This
observation is further supported by the predominantly random distribution of pores as shown in

FiguresFigure 3.42—Figure 3.46, which is characteristic of gas pores.

Table 3.7: Defect analysis of Ti6Al4V and cpTi test samples by CT scans

Sample Defect characteristics

. . Material Defect Defect Diameter .
g:/;;l W, Vin volume volume volume <100 pm Egl;e{;/cl)ty 5€£m3)

(mm?) (mm?) ratio (%) (%) e

Ti6Al4V-
3Cu 97.83 0.20 0.20 96.90 62.77 212.50
(170, 0.2)
Ti6Al4V-
3Cu 96.84 0.44 0.45 98.15 75.78 150
(300, 0.5)
Ti6Al4V-
6Cu 104.86 0.01 0.01 98.59 60.92 375
(150, 0.1)
Ti6Al4V-
6Cu 115.64 0.98 0.84 94.54 66.44 250
(300, 0.3)
ffsT(; 03) 90.31 0.55 0.60 96.01 95.39 125
8’% 0.6) 93.88 0.26 027 87.92 79.14 70.83
(Tl‘;%C‘ll " 74.28 0.05 0.06 99.46 98.34 26.79
(Tll%cg 6 71.04 0.005 0.01 99.86 97.41 70.83
(Tl‘;f)cg 6 104.66 0.05 0.04 99.54 94.71 62.50
(Tll;%cg 4 81.35 0.05 0.06 88.72 78.54 106.25

At high-energy-density conditions, Luo et al. (2022) observed intermediate-sized pores with
diameters of 50-200 um in Ti6Al4V samples and identified them as KH pores. The KH porosity
was designated as the main contributor to porosity in the high energy density regime and was
shown to result in reduced elongation and strength of material compared to material processed in
dense regimes (Luo, et al., 2022). Large defects with large diameters from 200 um to over 500 um
were observed from two processing regimes, namely: those with insufficient energy input for
producing dense samples and those with excessively high energy input, where bead formation

leads to irregular defects. The consequence of these two regimes is evident in the lack of fusion
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among melt pools. Vilardell et al. (2020) microCT results showed that the maximum pore size was
approximately 400 um, and was found at the bottom part of the sample produced with a laser
power of 170 W and scanning speed of 0.9 m/s. Samples produced at a higher laser power of 340
W had less porosity in comparison with the ones produced at 170 W. Their small pores were
spherical in shape and were identified as possibly metallurgical pores (du Plessis, et al., 2018b).
Porosity values of the current samples did not reach 400 pm diameter, and thus the occurrence of
LoF pore was either non-existent or minimal, which is evident with the low volumes of defects.
Suryawanshi et al. (2023) employed the EOSINT M 280 system to print samples from Ti6Al4V
ELI powder and found that the samples mostly exhibited porosities due to gas entrapment and lack
of fusion. Their detailed porosity analysis using X-ray showed that for optimal VED of 37-93
J/mm?, the porosity fraction was less than 1%. The porosity fraction for all the current test samples

was also below 1% at the various VED values.

Shrestha & Chou (2022) investigated the formation of pores at different energy densities during
LPBF and found that porosity decreased as the VED decreased to a certain level and attributed this
observation to a change in the melting mode from keyhole to conduction. Shrestha & Chou, (2022)
also observed that the formation of LoF pores caused a further decrease in the number of pores
due to a lower energy. Conversely, because of the larger size of LoF pores, the pore volume was
higher at low energy density. Therefore, the lowest energy density resulted in considerably large,
interconnected pores, which increased the pore volume, although the pore count decreased
(Shrestha & Chou, 2022). Similarly, for this study, the Ti6Al4V-based samples with the highest
VED of 375 J/mm? produced the least %volume of defects. In contrast, sphericity values in the
study by Kasperovich et al. (2016) revealed irregular shapes at VED = 292 J/mm?, resulting in a
broad distribution of lower sphericity values within the 3D structure. The researchers investigated
the influence of SLM parameters on the type and amount of porosity formed in TiAl6V4 to define

a process window for structural components.

3.3.4.2. Microstructure
Studying the microstructure of LPBF printed parts is essential in predicting their mechanical

properties (Suryawanshi, et al., 2023). The microstructure images obtained using the optical
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microscopy after etching with Kroll’s reagent, as captured from the transverse and longitudinal
sections of the sectioned 3D objects, are illustrated in Figure 3.47.

Transverse view Longitudinal view
Ti6Al4V-3Cu (170 W, 0.2 m/s, 212.5 J/mm?)

Columnar prior
p grains

’_\
o (o ol o
~

Ti6Al4-3Cu (300 W, 0.5 m/s, 150 J/mm’

o’ acicular martensite lathes

Ti6Al4V-6Cu (150 W, 0.1 m/s, 375 J/mm?)

Columnar prior p grains

Figure 3.47: Microstructure of cross-sections of the 3D LPBF samples
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Transverse view Longitudinal view

Ti6A14V-6Cu (300 W, 0.3 m/s 250 J/mm?)

Gas/keyhole
pores

cpTi (150 W, 0.3 m/s, 125 J/mm?)

Unmelted/partially
melted Ti

cpTi (170 W, 0.6 m/s, 70.8 J/mm?)

Figure 3.47: Microstructure of cross-sections of the 3D LPBF samples (cont.)
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Transverse view Longitudinal view

Ti-3Cu (150 W, 1.4 m/s, 26.8 J/mm’)

Partially melted Ti particles

Ti-3Cu (170 W, 0.6 m/s, 70.8 J/mm’)

Scan track

Lack of fusion

Ti-6Cu (150 W, 0.4 m/s, 93.8 J/mm?)

Figure 3.47: Microstructure of cross-sections of the 3D LPBF samples (cont.)
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Transverse view Longitudinal view
Ti-6Cu (170 W, 0.6 m/s, 70.8 J/mm?)

Partially melted Ti particles

Figure 3.47: Microstructure of cross-sections of the 3D LPBF samples (cont.)

The microstructure of Ti6Al4V specimens exhibited well-defined grains at the transverse plane.
Boundaries of vertical colonies may be seen on the specimens of Ti6Al4V-3Cu and Ti6A14V-6Cu.
Micrographs for Ti6Al4V-3Cu and Ti6Al4V-6Cu reveal fine laths of o’acicular martensite woven
inside columnar prior-f grains. Likewise, Yadroitsev et al. (2018) found that the microstructure of
as-built Ti6Al4V ELI consisted of metastable structures of o' hexagonal martensite with
pronounced prior B-texturisation without  precipitations. The prior B-phase showed prominent
columnar growth, while the texture of the hexagonal o'-phase was weak. A needle-like
morphology is characteristic of the hexagonal o' martensite phase observed in Ti alloys after the
LPBF process due to the rapid solidification of the liquefied metal pool (Simonelli, et al., 2018;
Dzogbewu, 2020a). This martensitic morphology reduces the ductility of the LPBF-manufactured
samples and induces undesirable factors such as residual stress (Dzogbewu, 2020b; Vilardell, et

al., 2020).

According to Zhao et al. (2016), the as-fabricated microstructure of laser-melted Ti6Al4V parts is
dominated by columnar 3 grains and o’ martensite due to the rapid cooling rate. Ramosena et al.
(2022) also credited the high cooling and solidification rates (up to 10® K/s) for the formation of a
binary (o+f) microstructure, consisting of acicular martensitic o’ laths within columnar prior-f3
grains, of LPBF Ti6Al4V pre-alloy. Vilardell et al. (2020) identified o’ acicular martensite phase
on SEM micrographs of the Ti6Al4V (ELI)-3 at.% Cu microstructure consisting of finer needles
as compared to the martensite observed in Ti6Al4V (ELI) manufactured using a similar LPBF
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process. This was ascribed to differences in solidification rates resulting from Cu alloying and
varying process parameters (Krakhmalev, et al., 2016). The microstructural analysis of Vilardell
et al. (2020) exemplified chemical inhomogeneity with Cu exhibiting a trend of segregation at the
bottom of layer fusion boundaries. This trend was more pronounced in materials manufactured
with a laser power of 170 W than of 340 W. In this study, Cu segregation to the bottom of the layer

was observed in Ti-Cu samples.

Unmolten Ti particles were most detectable on optical micrographs obtained for Ti-3Cu and Ti-
6Cu microstructures. In addition, the grain structures of deposited samples were not clear, and the
expected o/a’ acicular grains and prior-p columnar grains were not clearly delineated.
Alternatively, eddy regions that etched at different rates are shown in the micrographs (Dzogbewu,
2020b). This suggests substantial variations in the constituents resulting in elemental segregation
in the molten pool (Simonelli, et al., 2018), particularly since unmolten particles were not visible
on the cpTi surfaces, indicating a sufficient melting of the powder-bed. The incomplete melting of
Ti powder particles is associated with the thermo-physical differences (Table 3.2) between the two
elemental powders. Inhomogeneity in chemical dispersion is likely to have caused over-etching in
some areas of the microstructure (Simonelli, et al., 2018). It may be noted that the Ti-3Cu specimen
fabricated using the lowest VED of 26.8 J/mm?® was the most inhomogeneous, containing the most
unmolten particles of all test samples, which is in line with the findings of Vilardell et al. (2020),
who observed that when the laser power was elevated, the microstructure of single layers was more

homogeneous.

The mixing and dispersion of partially melted Ti particles in the solidified melt pool may be
associated with the convectional flow in the liquid melt pool (that is, the Marangoni flow) (Kou,
et al., 2011). The solid melt pool with a convective melt flow pattern is attributed to the intrinsic
non-uniform distribution of the Gaussian laser beam while it melts the metallic powders, leading
to a non-uniform temperature gradient in the molten pool (Dzogbewu, 2020b). The temperature
gradient in the molten pool governs the hydrodynamic movement of the liquid metal and induces
recirculation of flow within the molten pool, resulting in the random dispersion of partly melted
Ti particles within the molten network (Dzogbewu, 2020b). K&rner et al. (2011) and Korner et al.

(2013) alluded that the complexities of the Gaussian laser beam melting process are dependent on
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factors such as laser beam absorption, Marangoni flow, viscosity, surface tension, capillary effects,
gravity, and so forth, which results in stochastic melt flow of the molten liquid and the resultant

random distribution of the partially melted Ti particles in the solidified alloy (Dzogbewu, 2020b).

Based on the experimental observations and the thermo-physical properties of the powders listed
in Table 3.2, the mechanisms leading to the formation of the molten pool may be postulated. As
the laser beam scans the powder bed during LPBF, the Ti particles readily absorb the laser
radiation. The laser absorptivity of Ti (at 0.77) is higher than that of Cu (at 0.59) (Tolochko, et al.,
2000), hence Ti would absorb more of the laser radiation than Cu. The absorbed energy heats the
Ti powder particles. Through conduction (and convection through the gas bubbles entrapped
between the loosely packed powder particles), the Cu powder particles absorb the heat from the
surrounding Ti particles. As the heat homogenises, the transferred heat reaches those Cu particles
which were shielded from the full radiation intensity of the laser beam due to the gravitational pull
to the bottom of the molten pool, since the density of Cu at approximately 8900 Kg/m® is double
that of Ti and its alloys at approximately 4500 Kg/m®. The elevated temperatures and the
homogenisation of the heat cause the surfaces of the powder particles to melt, and a molten pool

is accordingly expected to form in the laser-irradiated region.

The operating temperature of the Cu particles is likely to rapidly increase since Cu has a
considerably higher thermal conductivity of 350 W/m-K when compared to Ti and its alloys, with
a thermal conductivity of below 22 W/m-K. Thus, the rate of heat conduction among Cu particles
should be faster than among Ti particles. Moreover, the liquidus temperatures of the Ti6Al4V and
cpTi powders (~1660 °C) are higher than that of the Cu powder (~1083 °C). This may translate to
the complete melting of Cu powder particles if the rate of solidification is monitored to occur
gradually, leading to a homogenous microstructure (Dzogbewu, 2020b). The LPBF high cooling
and solidification rates of up to 10® K/s (Ramosena, et al., 2022) may result in incomplete melting
of the Ti particles at the end of the solidification stage. The rapid thermal cycles in the process
chamber of the LPBF machine may also contribute to the partial melting of Ti particles (Roberts,
et al., 2009). There was no clear correlation between the homogeneity of molten powders and the

Cu quantity or the applied parameters.
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Ye et al. (2024) distinguished two distinct phases from SEM images of LPBF Ti—4Cu alloy: a
large amount of acicular a-Ti phase (darker region) and a small amount of Ti,Cu (bright region),
and the grain size of o-Ti generally increased with the increase of VED. These findings were
supported by Qin et al. (2018) and Mosallanejad et al. (2021), who studied LPBF Ti-5Cu alloy. In
addition to the five-times larger particle size of pure Ti than Cu, Mosallanejad et al. (2021) also
attributed the differences in thermo-physical characteristics of absorption coefficient and thermal
conductivity between Ti and Cu to the different melting behaviours in the constituents upon

exposure to the laser beam.

Delamination of layers was not identified in any of the studied microstructures. There seemed to
be minor pores on both the Ti6Al4V-3Cu specimens and the Ti6Al4V-6Cu specimen produced at
150 W and 0.1 m/s. The Ti6A14V-6Cu specimen produced at 300 W and 0.3 m/s exhibited the
most excessive porosity. Pores were not established on the cpTi-based samples. Contours of the
single tracks are evident in the transverse microstructures, illustrating complete overlap between
adjacent tracks, and hence optimisation of the hatch spacing was achieved. The optimum
processing parameters of the metallic alloys investigated during the current study are listed in

Table 3.8.

Table 3.8: Optimum processing parameters of studied powders

Metal powder Laser power | Scanning speed Hatch Powder layer
(W) (m/s) distance (um) | thickness (um)
*Ti6Al4V (ELI) 170 1.25 80 30
Ti6Al4V-3Cu 170 0.2 80 50
Ti6A14V-6Cu 150 0.1 80 50
cpTi 170 0.6 80 50
Ti-3Cu 170 0.6 80 50
Ti-6Cu 150 0.6 80 50

* The parameters for Ti6Al4V were obtained from literature (Yadroitsava, et al., 2015; Manfredi & Calignano, 2017,
Dzogbewu, 2020a)
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3.4. Summary

The earlier sections of the chapter provide a detailed description of the components of the EOSINT
M 280 machine, which was used for LPBF manufacturing of test samples required to complete
this project. The functioning of each element and the essential mechanisms of 3D printing design
were also focused on. The subsequent sections characterised the employed elemental powders,
cpTiand Cu, and the pre-alloyed powder Ti6Al4V in terms of their chemical composition, physical
and mechanical properties, and morphology. In the last sections, the hierarchical development of
the optimum process parameters for the employed powders for LPBF manufacturing is followed.
The approach involved the fabrication and analysis of single tracks by varying the laser powder
and scanning speed at a constant layer powder thickness, followed by the production and analysis
of double layers at various hatch distances and then the 3D cubes were manufactured at selected
process parameters to study the porosity and microstructure at the different planes and build
direction. Ultimately, the optimum process parameters for the alloys Ti6Al4V-3Cu, Ti6Al4V-6Cu,
cpTi, Ti-3Cu and Ti-6Cu are documented.
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CHAPTER 4 EVALUATION OF MECHANICAL PROPERTIES

4.1. Introduction

The present chapter fundamentally delineates the investigations of the mechanical properties of
the copper (Cu) alloyed Ti6A14V ELI and commercially pure titanium (cpTi) specimens in terms
of the microhardness and tensile properties (including fractography). The mechanical properties
of a biomedical material are fundamental in the clinical application (Zhang, et al., 2013). An
additive manufacturing process with optimised parameters is crucial for attaining the mechanical
stability of implants necessary to provide the intended functionality inside the human body
throughout its lifetime (Mierzejewska, et al., 2019; Suryawanshi, et al., 2023). Pure titanium (T1)
and Ti6Al4V alloy have been widely applied as hard-tissue replacement metallic implants in the
orthopaedic and dental professions because of their exceptional mechanical properties (Okazaki &
Ishino, 2020; Suryawanshi, et al., 2023). The biological functioning of Ti and its alloys may be
augmented by adding antibacterial agents such as Cu particles (Shen, et al., 2022).
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4.2. Materials and methods

4.2.1. Sample preparation and characterisation

The samples were built using the laser powder bed fusion (LPBF) technique on the EOS EOSINT
M 280 machine (Figure 3.1). The optimised process parameters listed in Table 3.8 were employed
to manufacture all test specimens using the pre-alloyed Ti6A14V ELI (also referred to as Ti6Al4V
or Ti164 in this chapter) powder, the elemental commercially pure Ti (cpTi) powder and the in situ
alloys of Ti6Al4V-3 wt.% Cu, Ti6Al4V-6 wt.% Cu, Ti-3 wt.% Cu and Ti-6 wt.% Cu (denoted as
Ti6A14V-3Cu/Ti64-3Cu, Ti6Al4V-6Cu/Ti64-Cu, Ti-3Cu and Ti-6Cu in this chapter). The
elemental compositions and crystalline phases of the as-built samples were analysed using a
Malvern PANalytical Empyrean X-Ray diffractometer (XRD) housed at the University of the Free
State (UFS) Geology Department (Figure 4.1). The diffractometer consisted of a Cu side window
tube and an X’Celerator detector. The XRD patterns were recorded using monochromatic
CuK, radiation (A = 0.1541 nm) at a generator voltage of 45 kV and a current of 40 mA. The
measurements were conducted within a two theta (26, also known as the Bragg angle) range of 20°
to 80°at a step size of 0.017° and a scanning rate of 0.02°/s and were analysed with
HighScore software from Malvern PANalytical and the ICDD-PDF-2 2021 database of the
International Centre for Diffraction Data (ICDD).
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Figure 4.1: Malvern PANalytical Empyrean X-Ray diffractometer located at the University of the
Free State

4.2.2. Surface roughness

The portable Mitutoyo SURFTEST SJ-210 profilometer (Figure 3.9) was utilised to measure the
surface roughness of LPBF-manufactured samples (10 x 2 mm) of Ti6Al4V, Ti6Al4V-xCu, cpTi
and Ti-xCu (x = 3, 6 wt.%) in their as-built condition, without any surface treatment or polishing.
The tester was set to measure in accordance with ISO 1997. The stylus was set to travel to a cut-
off length of Ac = 0.8 mm at a measuring speed of 0.5 mm/s for all samples. Average surface
roughness measurements were taken perpendicular to the laser scanning direction at 5 randomly

selected surfaces for each sample.

4.2.3. Microhardness test

Microhardness of the as-built LPBF-manufactured specimens (namely, Ti6Al4V-xCu, cpTi and
Ti-xCu (x = 3, 6 wt.%)) was determined to study the anisotropic behaviour typical of LPBF parts
(Thijs, et al., 2010; Dzogbewu, et al., 2017). The specimens were prepared by conventional steps
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of metallographic preparation, according to ASTM E3 (ASTM International, 2017a; Chen, et al.,
2017). The microhardness test was conducted with the FM-700 Digital Vickers Microhardness
Tester, shown in Figure 4.2. The samples were placed in succession in the specimen holder, and
the pyramid-shaped diamond indenter was pressed into the surface of the material at a constant
load of 200 g with a dwell time of 10—-15 s. Ten indentations were made and measured at 20 pm
intervals along the length of each specimen. The Vickers microhardness of Ti6Al4V ELI has been
examined in previous LPBF optimisation studies; hence, the hardness values were obtained from

literature (Dzogbewu, 2020).

Figure 4.2: FM-700 Digital Vickers Microhardness Tester

4.2.4. Tensile test

Laser powder bed fusion was employed to manufacture four scaled-down tensile test specimens
for each of the powders Ti6A14V-3Cu, Ti6Al4V-6Cu, cpTi, Ti-3Cu and Ti-6Cu. The scaled-down
specimens, as shown in Figure 4.3, were fabricated in compliance with the ASTM E8/E8M
standard. The tensile test specimens underwent a stress-relief treatment in a vacuum furnace at 650
°C for a soaking period of 3 hrs. The samples were then allowed to cool in the furnace to room
temperature. Thereafter, they were removed from the substrate by wire electrical discharge
machining (EDM). The dumbbell-shaped specimens were threaded at the grip sections and were

machined along the gauge length (10 mm in Figure 4.3(iii)). The tensile properties for Ti6Al4V
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have been extensively evaluated in previous research studies, and the values of tensile test
properties of Ti6Al4V were derived from literature (Kasperovich & Hausmann, 2015; Okazaki &
Ishino, 2020; Bartolomeu, et al., 2022).

10.00
16.00
45.54

(iii)
Figure 4.3: Scaled-down tensile test specimens (i) on a Ti6Al4V substrate after LPBF

manufacturing and stress relieving, and (i) after being removed from the substrate and machined

to a dumbbell shape according to the dimensions indicated in (iii) (all dimensions are in mm)

Tensile testing was conducted with the MTS Criterion Model 43 electromechanical universal
testing machine (Figure 4.4). Clamping the scaled-down samples into position for tensile testing
was achieved using customised inserts. For accurate strain measurement, a 10 mm extensometer
was attached along the gauge length of the dumbbell specimen during tensile testing. Samples
were pulled at room temperature at a constant, quasi-static strain rate of 0.03/min. Samples were
deformed by a machine-applied tensile load until fracture, which marked the end of the tensile test.
The load (in kN) and extension (in mm) were instantaneously recorded using the MTS TestSuite™
TW Elite Software. The software plotted stress versus strain curves and determined the yield
strength at 0.2% offset, ultimate tensile strength (UTS), modulus of elasticity (E), %reduction in

area and %total elongation to failure. The initial and final diameters and lengths were measured
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manually using a Vernier calliper. Upon completion of the tensile tests, the fractured surfaces were
preserved for fractography analysis to study the fracture behaviour of the material. The surfaces at
the fracture points were investigated with the assistance of a JEOL JSM-6610 Scanning Electron

Microscope (SEM, Figure 3.4).

Figure 4.4: MTS Criterion Model 43 electromechanical universal testing machine

4.2.5. Statistical analysis
The quantitative results were expressed as mean value with standard deviation. The Student’s t-
test was performed, and values of p < 0.05 were considered statistically significantly different and

of p <0.01 were regarded as statistically highly significantly different.

4.3. Results and discussion

4.3.1. X-Ray diffractometry (XRD)

X-ray diffraction (XRD) is employed to investigate the phase structures of alloys (Nirmala, et al.,
2013). It is also a highly reliable technique utilised to investigate the nature of any crystalline
compounds (Sheikh, et al., 2011). Figure 4.5 shows the XRD diffraction patterns of as-built
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Ti6A14V-xCu and Ti-xCu (x = 3, 6 wt.%) alloys and ascertains that in situ alloying of Ti6Al4V

and cpTi with the different compositions of Cu was successful.
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Figure 4.5: X-ray diffraction patterns of (i) Ti6Al4V-Cu and (ii) Ti-Cu alloys
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Similar to the research of Bolzoni & Yang (2024), no substantial differences may be delineated
between the patterns of Ti6Al4V and cpTi alloys, with only minor deviations in peak intensities.
The Ti diffraction peaks represented the o/a’-phase, and the a-Ti (101) plane peak at 26 of 40.42°
was the major XRD peak with the highest intensity. The rapid cooling rate during the LPBF
process results in an acicular martensitic a-phase or the o’-phase (Kasperovich & Hausmann,
2015). Although they are two different phases, it is challenging to differentiate peaks of o and o’
because they both have hcp crystal structure (Rafi, et al., 2013; Kasperovich & Hausmann, 2015).
The XRD (002) peak of the o/a'-phase overlaps with the XRD (110) peak of cubic -Ti, making it
difficult to confidently identify the B-phase by XRD (Vilardell, et al., 2020). Moreover, the cubic
B-phase was not detected by XRD due to its low content. Numerous studies have demonstrated
that the detectable phase on Ti6Al4V-xCu and Ti-xCu XRD patterns is the o/a’-phase, and the
absence of peaks related to the f-phase in near-alpha Ti alloys is common (Rafi, et al., 2013;
Kasperovich & Hausmann, 2015; Peng, et al., 2019; Vilardell, et al., 2020; Wang, et al., 2021;
Muiruri, et al., 2023; Bolzoni & Yang, 2024).

The intermetallic phase of TioCu was also identified (Souza, et al., 2009; Hesse, et al., 2021). The
Cu diffraction peaks were identified at Bragg angles of 43.38°, 50.52°, and 74.25° for (111), (200),
and (220) crystalline planes, respectively. Congruently, the XRD pattern of Chen et al. (2021)
distinguished clear diffraction peaks at 43.46°, 50.60°, and 74.24° characteristic of the analysed
Cu nanoparticles, corresponding to the (111), (200), and (220) reflections of copper. Sheikh et al.
(2011) denoted the presence of crystalline Cu from diffraction peaks at 26 equivalent to 43.29°,
50.43°,74.12°, 89.92°, 136.49° and 144.70° corresponding to (111), (200), (220), (311), (311) and
(420) crystal planes. These coincide with the diffraction peaks of the Cu-alloyed Ti6Al4V and
cpTi samples of the present study. The intensity of the Cu-rich phases increased with the increase
in Cu content, as also reported by Sheikh et al. (2011) and Chen et al. (2021). Incorporation of Cu
particles did not alter or shift the peaks of Ti; however, it diminished the intensity of the peaks.
The XRD patterns of Ti-xCu (x =3, 7.1, 12 wt.%) samples of Pina et al. (2016) also indicated that
the volume fraction of Ti2Cu increased with the Cu content in the alloy. Additional Cu dissolves
in the o/a’-phase during the LPBF process, resulting in greater lattice distortion (Wang, et al.,
2021). Vilardell et al. (2020) performed XRD measurements on LPBF Ti6Al4V (ELI)-3 at.% Cu

material after stress-relieving heat treatment, and found low-intensity peaks of CuTi, phase.
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Conversely, Wang et al. (2021) were not able to detect the Cu-containing intermetallic phase by
XRD analysis of Ti-xCu (x = 1.25, 2.5 and 5 wt.%) samples fabricated by selective laser melting

(SLM), and this may be attributed to a lower concentration of the B-stabilising elements in cpTi.

4.3.2. Surface roughness

Surface roughness may influence the mechanical performance of parts due to multiple stress
concentration points (Greitemeier, et al., 2016 ). The roughness of as-printed surfaces influences
the selection of the post-process regime and parameters. Laser powder bed fusion produces two
types of roughness: a primary roughness induced from the solidification of the molten pool and
secondary roughness induced by partly melted powder particles (Greitemeier, et al., 2016 ). The
roughness values of R, and R: are presented in Table 4.1 and Figure 4.6. The surface roughness of
the Ti6Al4V specimens increased with increasing Cu content. Ti6Al4V roughness was
significantly lower than that of Ti6Al4V-3Cu (p = 0.0177 for R, and p = 0.0395 for R:) and highly
significantly lower than that of Ti6Al4V-6Cu (p = 0.00001 for R, and p = 0.0002 for R:). The
values of the unalloyed cpTi were significantly higher than those of Ti-3Cu (p = 0.0181 for R, and
p =0.0369 for R.) and Ti-6Cu (p = 0.0322 for R, and p = 0.0625 for R.). Ti-3Cu and Ti-6Cu had
a similar surface roughness. Thus, the addition of Cu particles roughened Ti6Al4V but smoothened
cpTi. Commercially pure Ti had a highly significantly (p = 0.0033 for R, and p = 0.0041 for R:)
higher surface roughness than Ti6AI4V.

Table 4.1: Roughness values of Cu-alloyed Ti64 and cpTi specimens

Sample R, (um) R; (um)
Ti6Al4V 1022+ 1.18 54.64 £ 6.17
Ti6Al4V-3Cu 14.09+£2.12 73.02+12.48
Ti6Al4V-6Cu 19.22 £0.52 91.45+0.87
cpTi 16.45+2.34 83.46+11.40
Ti-3Cu 12.17+0.92 66.37 £4.04
Ti-6Cu 12.48 + 1.94 67.92 £ 8.44
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Figure 4.6: Surface roughness measurements of Cu-alloyed Ti64 and cpTi specimens

According to Urlea & Brailovski (2017), as-built surface finish of Ti6Al4V components produced
using EOS M 270/280/290 SLM machines is expected to have a surface roughness R, of 9-12 pm.
Greitemeier et al. (2016) and Cabrini et al. (2022) studied the surface roughness of as-built LPBF
Ti6Al4V and measured R, values of 13.0 and 14.5 pm, respectively. Mhlanga et al. (2022) reported
R. and R: values in the ranges of 9-10 um and 50—70 um, respectively, for Ti6Al4V ELI. These
roughness values for Ti6Al4V are consistent with those found for the present investigation.
The findings from the roughness tests of Wang et al. (2023) of SLMed cpTi were R, of ~6 pm and
R: of ~32,5 um, and those of laser-treated pure Ti samples by Kibria et al. (2018) ranged between
3.57 and 14.64 um for R,, and 21.54 and 75.54 pm for R.. Rougher surfaces were achieved for
cpTi during the present study.

4.3.3. Microhardness test

The microhardness gives an indication of the ductility of the material microstructure and the work
hardening introduced into the material during sintering and by post-sintering treatments
(Benedetti, et al., 2017). According to Benedetti et al. (2017), microhardness values of as-built and
stress-relieved conditions present a martensitic o’ microstructure. Vickers hardness numbers are

presented in Table 4.2, and Figure 4.7 indicates a significant (p < 0.05) difference in hardness of
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the different cross-sections for Ti6Al4V-6Cu, cpTi and Ti-3Cu, and no significance (p > 0.05)
among the cross-sectional hardness values of Ti6Al4V-3Cu and Ti-6Cu. The microhardness values
of Ti6Al4V-Cu samples were higher than those of Ti6Al4V, as shown in Table 4.2. Therefore,
alloying Ti6Al4V with Cu caused the material to become harder. Several studies report on the
increase in hardness of Ti6Al4V with an increase in Cu concentration (Aoki, et al., 2004; Vilardell,
et al., 2020). However, the current results showed slight changes in hardness with an increase in
Cu content, with no clear trend observed between Ti6Al4V-3Cu and Ti6Al4V-6Cu (Figure 4.7).
The value of Ti6Al4V-3Cu was significantly (p = 0.0020) higher than that of Ti6Al4V-6Cu in the
longitudinal direction and was insignificant (p = 0.6764) in the transverse view. During their
characterisation, Krakhmalev et al. (2017) measured hardness of 383 + 13 HV in as-built LPBF
Ti6Al4V and 456 + 20 HV in Ti6Al14V (ELI)-1 at % Cu. The value for Ti6Al4V was in agreement
with that of Moletsane et al. (2016) and Benedetti et al. (2017), respectively, at 389 + 14.8 HV and
380 = 10 HV. As shown in Table 4.2, these literature values are in the vicinity of the present

investigation.

Table 4.2: Microhardness values of Ti material at different cross-sections

Specimen Transverse view (HV) Longitudinal view (HV)
Ti6Al4V* 361 +£12 372+ 17

Ti6A14V-3Cu 416+ 12 417 £ 14

Ti6A14V-6Cu 424+ 16 390+ 10

cpTi 195+9 211 +2

Ti-3Cu 272+ 14 294 + 10

Ti-6Cu 358+ 14 350+ 16

*Hardness values for Ti6Al4V ELI were obtained from literature (Dzogbewu, 2020).
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Figure 4.7: Microhardness of Ti-based alloys at different cross-sections

For cpTi samples, there was a distinct increase in hardness with an increase in Cu mass. The
microhardness values for cpTi were highly significantly (p < 0.01) lower than those of Ti-3Cu and
Ti-6Cu in both the transverse and longitudinal views, and the hardness values of Ti-3Cu highly
significantly (p < 0.01) lower than those of Ti-6Cu in both views. The present hardness values
matched those of Wang et al. (2021), who in situ alloyed cpTi with 1.25, 2.5 and 5 wt.% Cu
contents for fabrication by SLM and recorded mean hardness values of 258, 299 and 356 HV for
Ti-1.25Cu, Ti-2.5Cu and Ti-5Cu, respectively. Likewise, the hardness values reported by Pina et
al. (2016) for cpTi, Ti-3Cu, Ti-7.1Cu and Ti-12Cu were 260 + 34, 297 + 20, 313 + 22 and 369 +
19 HV, respectively. Zhang et al. (2013) found that the microhardness of cpTi at 160.3 + 2.6 HV
was almost half that of Ti-10 wt.% Cu at 369.5 £ 12.8 HV, indicating that the addition of Cu
increased the hardness considerably. It may be deduced that the increase in hardness was caused
by solid-solution hardening of a-Ti and the precipitation of TioCu phase. The difference in the
diameters of Ti and Cu atoms causes severe distortion of the solid-solution crystal lattice, resulting
in a rough slip surface and increased resistance to dislocation motion, thereby increasing the
hardness of the alloy (Y1, et al., 2020). The higher hardness for Cu fortified specimens may also

be attributed to the formation of very fine martensite phase and Ti2Cu intermetallic phase with Cu-
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rich phases, and suggests that the wear behaviour of the alloys with Cu should be improved in

comparison with Ti6Al4V and pure Ti (Zhang, et al., 2013; Vilardell, et al., 2020).

4.3.4. Tensile test

The great temperature gradients characteristic of LPBF manufacturing of Ti parts tend to induce
thermal residual stresses in the fabricated part. These residual stresses may cause the parts to warp
and/or deform upon removal from the base plate (Matthews, et al., 2016; Ramosena, et al., 2022).
For the current specimens, the stress-relief treatment was effective in alleviating internal thermal
residual stresses, as the tensile test specimens did not exhibit warping or deformation. Similarly,
Benedetti et al. (2017) demonstrated, using residual stress profiling, that stress-relief treatment of
Ti6Al4V ELI at 670 °C for 5 hrs was effective in nearly eliminating the high residual stresses after
SLM. The stress-strain curves of the alloy variants illustrated in Appendix B demonstrate that all
tested samples underwent plastic deformation, indicating ductility. Table 4.3 and Figure 4.8

constitute the mechanical properties derived from the tensile test.

Table 4.3: Mechanical properties of Ti6Al4V and Ti alloys with Cu

Specimen Yield strength | Ultimate tensile | Elastic Elongation | Reduction
(Offset 0.2%) strength (MPa) | modulus (GPa) | (%) in area (%)
(MPa)

Ti64* >760 >825 >8 >20

Ti64** 1051 +£2.3 1115+0.3 117.4+1.7 11.3+£0.7 |31+3

Ti64-3Cu 1131 +13 1195+ 13 121 +1 2.95+0.90 | 20.72 +2.83

Ti64-6Cu 1209 + 22 1286 + 18 118+3 1.79+1.16 | 14.10+ 1.84

cpTi* >275 >345 >20 >30

cpTi 369+ 16 5016 110+6 8.84+0.70 | 41.29 + 6.54

Ti-3Cu 608 + 7 763 £ 10 122+ 15 7.04+0.88 | 4423 +7.29

Ti-6Cu 759 £ 16 904 + 16 120 +3 4.62+1.50 | 29.24 +7.47

E;?;i‘; cortical | 71 5641019 | 93-190 10-30 0.67 + 0.04

* Values as per ASTM F3001 standard (for Ti6Al4V ELI) (ASTM International, 2021) and ASTM F67 standard (for cpTi) (ASTM

International, 2017b).

**Values were derived from literature (Kasperovich & Hausmann, 2015; Morgan, et al., 2018; Okazaki & Ishino, 2020;

Bartolomeu, et al., 2022).

196

© Central University of Technology, Free State




 Central University of
Technology, Free State

mmm Yield strength (MPa) s UTS (MPa) === Elastic modulus (GPa) ==@=9Elongation ==#=%;Area reduction

1400 60

1200

1000

800

600

400

200

Strength (MPa) & Elastic modulus (x10-1 GPa)

Ti64-3Cu Ti64-6Cu cpTi Ti-3Cu Ti-6Cu

Figure 4.8: Tensile properties of titanium/copper alloys

The literature values for Ti6Al4V complemented the standard tensile test values. When compared
to the literature values of Ti6Al4V (Table 4.3), the yield strength and the UTS of Ti6Al4V were
lower than those of Ti6AlI4V-3Cu and Ti6A14V-6Cu. Moreover, the strength values of Ti6Al4V-
3Cu were highly significantly lower than those of Ti6Al4V-6Cu at p = 0.0043 for yield strength
and p = 0.0005 for UTS. The elastic moduli of Ti6Al4V-3Cu and Ti6Al4V-6Cu were slightly
above the elastic modulus of Ti6Al4V and were not significantly (p = 0.1048) different between
Ti6A14V-3Cu and Ti6Al4V-6Cu. The %elongation and %reduction in area of Ti6Al4V were
notably higher than those of Ti6Al4V-3Cu and Ti6Al14V-6Cu. The %elongation of Ti6Al4V-3Cu
was insignificantly (p = 0.2666) higher than that of Ti6Al4V-6Cu, and the %reduction in area was
significantly (p = 0.0184) higher than that of Ti6Al4V-6Cu. The parameters of %elongation and
%reduction in area describe the ductility. Therefore, it may be observed from Table 4.3 and Figure

4.8 that the addition of Cu increased the strength and reduced the ductility of Ti6Al4V.
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Commercially pure Ti test samples complied with the ASTM F67 standard values for the tensile
test properties. The yield strength for cpTi was highly significantly lower than Ti-3Cu (p =
0.000002) and Ti-6Cu (p = 0.0000001), and was highly significantly (»p = 0.00001) lower for Ti-
3Cu than for Ti-6Cu. Likewise, UTS for cpTi was highly significantly lower than for Ti-3Cu (p =
0.0000001) and Ti-6Cu (p = 0.000002), and was also highly significantly (»p = 0.00004) lower for
Ti-3Cu than for Ti-6Cu. The difference in elastic modulus was insignificant between cpTi and Ti-
3Cu (p = 0.9426), cpTi and Ti-6Cu (p = 0.9081) and Ti-3 and Ti-6 Cu (p = 0.7786). Percentage
elongation was insignificantly different between cpTi and Ti-3Cu (p = 0.1146) and Ti-3Cu and Ti-
6Cu (p = 0.0621), but %elongation of cpTi was significantly (p = 0.0232) higher than that of Ti-
6Cu. For the %reduction in area, there was no significant difference between cpTi and Ti-3Cu (p
= 0.6217) and cpTi and Ti-6Cu (p = 0.0810), but the %reduction in area of Ti-3Cu was
significantly (p = 0.0473) higher than that of Ti-6Cu. Therefore, as with Ti6Al4V, Table 4.3 and
Figure 4.8 indicate that alloying with Cu increased the strength and decreased the ductility of cpTi.
High strength and low ductility limits are required for material in high-loaded components
(Popovich, et al., 2015). The quest to establish a suitable alloy for producing implants for direct
load bearing has directed focus on B-type titanium alloys since bone tissue responds more
favourably in B-type alloys than in (o+f)-type Ti alloys (Dzogbewu, et al., 2017). Copper is a
eutectoid [-stabilising element (Ahmad & Zuhailawati, 2020). Beta phase produces good
mechanical properties, such as high strength (Mierzejewska, et al., 2019).

The compressive test of Zhang et al. (2013) demonstrated that cpTi was considerably more ductile
than Ti-10 wt.% Cu, but the Ti—Cu alloy showed much higher yield strength. During their
investigation, Wang et al. (2021) found the mechanical properties of Ti-2.5 wt.% Cu were: yield
strength = 826 + 18 MPa, UTS = 1002 + 3 MPa, elongation = 5.3 = 1.0%; and of Ti-5 wt.% Cu
were: yield strength = 1036 £ 9 MPa, UTS = 1242 + 10 MPa, elongation = 2.5 = 1.6 %. These
values were comparable to those of Ti-3%Cu and Ti-6%Cu in Table 4.3. Benedetti et al. (2017)
reported tensile properties for SLM Ti6Al14V ELI of 113 GPa, 1015 MPa, 1090 MPa, and 10% for
elastic modulus, yield strength, UTS, and total elongation, respectively, which were almost equal
to those of Greitemeier et al. (2016) in the as-built condition. The tensile figures of the Ti6Al4V-
xCu (x = 3, 6 wt.%) of this research were higher than those of Ti6Al4V ELI for yield strength and

UTS, and were lower for % elongation. Aoki et al. (2004) examined the tensile properties of
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Ti6Al4V—xCu (x = 1, 4, 10 wt.%) alloys manufactured by casting and found that the tensile
strength decreased from 1016 MPa for the 1% Cu alloy to 387 MPa for the 10% Cu alloy.
Elongation also reduced with an increase in Cu content, while bulk hardness increased with the
increase in Cu, such that the alloy with 10% Cu had the highest hardness value at 506 HV and
undertook the most brittle fracture. From these results, it may be deduced that Cu addition should

be kept minimal at about 1—4 wt.% to achieve an optimal combination of mechanical properties.

Copper addition during the present study did not adversely affect the elastic modulus of Ti6Al4V
and cpTi. Pina et al. (2016) obtained Young’s modulus values that were almost equal to those of
the present experiment at 110.9 + 3, 109.2 £ 4, 111.9 £ 3, and 101.9 + 3 GPa, respectively, for
cpTi, Ti-3Cu, Ti-7.1Cu, and Ti-12Cu. The incompatibility in elastic modulus between Ti implants
and bone tissue is one of the major causes of stress shielding, bone resorption, and implant
loosening (Dzogbewu, et al., 2017). Stress shielding is among the most probable culprits
responsible for bone-implant failure. Stress shielding typically arises when the modulus of
elasticity of the implant is substantially greater than that of the surrounding bone (Al-Khateeb, et
al., 2023). This considerable discrepancy in the elastic modulus shields the adjacent bone from
supporting its share of the load, thus preventing the necessary stress from being transferred to the
bone and leading to bone resorption around the implant and, ultimately, loosening and failure
(Dzogbewnu, et al., 2017). Porous structures and nontoxic alloying elements with low modulus of
elasticity are part of the substantial developments toward combating stress shielding by lowering
the modulus of elasticity values of metal implants to levels comparable to those of natural bone

(Wu, et al., 2015; Lai, et al., 2021).

The relationship between strength and Vickers microhardness values is shown in Figure 4.9. There
was no clear correlation between the hardness and strengths of Ti6Al4V-Cu samples. On the
contrary, a distinct correlation was observed for the cpTi-Cu samples, such that the microhardness
was directly proportional to strength and both increased with Cu addition. Likewise, Wang et al.
(2021) confirmed a linear relationship between the strength and microhardness for SLM-fabricated
Ti-Cu samples. Overlapping of FiguresFigure 4.8 andFigure 4.9 would illustrate a minimal change
in microhardness and ductility among the Ti64 samples, whereas ductility decreased with

increasing hardness and strength in the cpTi-fabricated samples.
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Figure 4.9: Correlation between strength and microhardness values of various Ti samples

4.3.4.1. Fractography

Fractured surfaces resultant from the tensile test were examined using the SEM, and the
fractographs are illustrated in Figure 4.10The stress-relieved specimens showed cup-and-cone
shapes and evident necking at the point of fracture. The necking tendency was supported by the
stress/strain curves in Appendix B and is typically associated with a ductile fracture. The shear
lips on the periphery of the cup or cone developed in the early stage of the application of the tensile
force because the ductility of the hardened layer at the surface was far lower than that of the inner
bulk mass and may be characterised by several transverse cracks developed near the ruptured site
on the exterior wall (Aoki, et al., 2004). Images from the lower-magnification micrograph in
Figure 4.10 show pores in the necking region. These enlarged pores may act as nucleation points
for cracks and lead to final failure (Krakhmalev, et al., 2016; Moletsane, et al., 2016). According

to Krakhmalev et al. (2017), crack nucleation may also be initiated by Cu concentrated regions.
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Figure 4.10: Tensile fracture surfaces of stress-relieved LPBF Ti-based samples
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Figure 4.10: Tensile fracture surfaces of stress-relieved LPBF Ti-based samples (cont.)

The study of Yadroitsev et al. (2018) of the fractured surface of LPBF Ti6A14V ELI demonstrated
a cup-and-cone fracture resulting from necking with a distinct inner fibrous region dominated by
dimpled rupture. Quasi cleavage was observed for Ti6 Al4V ELI and harboured martensite needles
on stress-relieved samples, verifying that these regions form during crack propagation along a
martensite colony (Yadroitsev, et al., 2018). A cleavage fracture is a brittle fracture that propagates
along low-index crystallographic planes and is caused by low energy density (Rafi, et al., 2013).
The Ti6Al4V-xCu (x =3, 6 wt.%) fractured surfaces in this study exhibited a mixed mode of brittle
and ductile fracture with the occurrence of gas and lack-of-fusion porosity. The Ti-xCu (x = 3, 6
wt.%) samples presented predominantly ductile fracture surfaces characterised by dimples and

minute gas pores. The higher ductility of Ti-xCu (x = 3, 6 wt.%) than that of Ti6Al4V-xCu (x = 3,
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6 wt.%) is in agreement with the %elongation values (Table 4.3) and is supported by the stress-
strain curves (Appendix B). Contrary to the tensile test values and curves, cpTi displayed the most
brittle fracture with larger pores, fewer dimples and the prevalence of cleavage and quasi-cleavage
facets on the central surface. Okazaki & Ishino (2020) observed dimples dominating the fractured

surfaces of laser-sintered cpTi specimens.

Although LPBF processes enable high freedom of design, making them the prime choice for
biomedical applications, their fast rates of heating and cooling lead to the formation of the
martensitic phase which greatly reduces the ductility of the material (Dzogbewu, et al., 2017).
Hard martensite accentuates high tensile strengths but poor ductility in as-fabricated LPBF
products (Zhao, et al., 2016). In this study, partially melted Ti particles were randomly distributed
in the alloys. Inhomogeneity in sintered parts and residual stress may reduce ductility.
Nevertheless, the fractography results suggested that Cu improved the ductility of Ti-based

materials.

4.4. Summary

The experiments of Chapter 4 began with the characterisation of Ti6Al4V-xCu and Ti-xCu (x =0,
3, 6 wt.%) using XRD, which confirmed successful alloying with Cu particles at 3 and 6 wt.%
using LPBF. The surface roughness examination of these specimens showed that Cu increased the
roughness of Ti6Al4V and decreased the roughness of cpTi surfaces. The central focus of the
chapter was to explore the mechanical properties of Ti6Al4V-3Cu, Ti6A14V-6Cu, cpTi, Ti-3Cu
and Ti-6Cu parts built using LPBF. Two tests were conducted, namely the microhardness test and
the tensile test. The microhardness was determined using the Vickers microhardness tester in the
transverse and longitudinal directions of the materials. The hardness of Ti6Al4V-xCu (x = 3, 6
wt.%) was higher than that of Ti6Al4V ELIL The difference in hardness of Ti6Al4V was not
established with an increase in Cu content from 3 wt.% to 6 wt.%. On the other hand, for Ti-xCu
(x =3, 6 wt.%), the microhardness distinctively increased from 0 to 6 wt.% Cu. The effect of Cu
concentration on cpTi samples and its minimal impact on Ti6Al4V was also observed with
%elongation and %area reduction during the tensile test. This reinforces the notion that hardness
predicts ductility. The stress-relief treatment before tensile testing effectively alleviated the effects

of residual stresses in all materials, as evidenced by the absence of warping and deformation. The
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strength increased with increasing Cu addition, but ductility decreased. Nonetheless, analysis of
the fracture surface revealed higher ductility, characterised by dimples and gas pores, in copper-
containing samples than in cpTi, which predominantly displayed cleavage and quasi-cleavage

facets.
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CHAPTER 5 COATING OF TI SAMPLES WITH POLYMER NANOFIBRES USING
ELECTROSPINNING

5.1. Introduction

Chapter 5 outlines the electrospinning procedure for coating titanium (Ti)-based implant
specimens with polymer nanofibres (NFs) and preliminary investigations for the optimisation of
conventional electrospun fibres to fulfil the adhesion requirements of the NF mats on Ti6Al4V
ELI and commercially pure Ti (cpTi) substrates produced using laser powder bed fusion (LPBF).
The optimal amount of copper oxide nanoparticles (CuO NPs) to embed in the NFs, without
hindering the electrospinning of the polymer solution while retaining antimicrobial properties, was

also the focus of the investigations.

The electrospinning technique allows for the production of fibres that replicate the characteristics
of fibrous biological materials, and its processing variables may be altered to enable the production
of tissue engineering scaffolds with a broad array of fibre morphologies and properties (Kausar,
2021; Luketich, et al., 2022). Coating Ti-based implants with electrospun NFs of a polymer may
enhance their bioactivity. Furthermore, adding nanoparticles to electrospun fibres generates
enhanced functional characteristics (Duygulu, 2024). The challenge of electrospinning technology
1s to adjust the spinning conditions to produce fibres that will satisfy the application requirements
after selecting the appropriate polymer composition (Mao, et al., 2023). Among the various factors
involved in the electrospinning procedure, the three main parameters include those associated with
the electrospinning process itself, polymeric solution parameters and environmental parameters

(Haider, et al., 2018; Arrieta, et al., 2020; Mao, et al., 2023).
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5.2. LPBF parts

For the purpose of coating using the electrospinning technology, Ti6Al4V ELI (also referred to as
Ti6Al4V or Ti64 in this chapter) and cpTi test samples were manufactured using the LPBF
technique and the parameters as specified in Table 3.8. Figure 5.1 illustrates two types of test
specimens manufactured: discs dimensioned 10 x 2 mm and rectangular samples dimensioned 30
x 30 x 2 mm. The sample discs were fabricated on a Ti6Al4V substrate, and the rectangular
samples were built on the base plate. The samples were used in their as-built condition without
polishing or treating the surfaces. After being removed from the support structures, the samples
were ultrasonically cleaned with acetone, anhydrous ethanol and distilled water for 15 min each
in turn to remove surface impurities and dried under natural air (Wang, et al., 2022). The discs
were utilised during biological investigations, and the rectangular samples were used for adhesion

testing.

(ii)
Figure 5.1: Test specimens fabricated using LPBF of (i) round discs (10 x 2 mm), and (ii)

rectangular prisms (30 x 30 x 2 mm) whilst attached to the support structures

5.3. Electrospinning

Solution electrospinning is the most commonly used method and involves dissolving the polymer
in an appropriate solvent to an appropriate concentration (Sharma & James, 2022). Blend or single
jet electrospinning is the most common and simplest type of solution electrospinning method, and
it involves the combining of all chemical elements with polymer components by mixing in a single-

solvent system to form a homogeneous solution for electrospinning (Parham, et al., 2020; Abadi,
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et al., 2022; Mao, et al., 2023). Thus, blend solution electrospinning allows the mixing of different
polymers or polymers with functional agents to prepare a single fluid to be electrospun. In addition,
encapsulation of CuO NPs within the resultant NF may be achieved in a single step, which leads

to a prolonged release of the Cu ions (Abadi, et al., 2022).

5.3.1. Parameters influencing the electrospinning process

Although a universal model to regulate the morphology of electrospun NFs for a specific
polymer/solvent system under different conditions has not been established, general relationships
among key parameters may be drawn to guide the electrospinning process (Li & Bou-Akl, 2016).
Table 2.1 outlines these relationships and their influence on NF morphology. It is essential that
these parameters operate in unison to achieve a specific fibre morphology. For example, a
combination of a higher applied voltage, a smaller needle diameter, and a lower flow rate has been
shown to produce thinner electrospun NFs (Sharma & James, 2022). For application in tissue
engineering, higher porosity and surface roughness result in a higher specific surface area for cell
attachment and proliferation (Kausar, 2021). Increased membrane porosity is realised with an
increase in NF diameter (Nayl, et al., 2022). On the other hand, the small diameters and great
lengths of electrospun fibres create a large surface-area-to-volume ratio, providing a pillar for
tissue regeneration (Kazemzadeh, et al., 2022). Conversely, the formation of beads during
electrospinning of NFs reduces the surface area per unit mass of the obtained fibres and, thus,
beads are considered a defect in the electrospinning process (Xue, et al., 2019). Therefore, the
parameters of the electrospinning process require optimisation to produce uniform, continuous

fibres with desirable morphology and distribution for biological enhancement.
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5.3.2. Setup
The Fluidnatek® LE-100 electrospinning equipment by Bioinicia (Figure 5.2), located at the Botswana Institute for Technology,

Research and Innovation (BITRI) was used for this project. The machine is mainly comprised two syringe pumps, a needle holder, a

high voltage power supply and a collector.

Needle Syringe pump
(spinneret)

Syringe

Polymer solution

Distance between
needle tip and

collector
DC Power

supply cables

Collector

Figure 5.2: Bioinicia Fluidnatek® LE-100 electrospinning equipment situated at BITRI
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5.3.3. Coating technique

For the present investigations, the solution electrospinning method was applied using a blend
electrospinning approach. A polymer solution was prepared by dissolving the polymer
composition with agitation in an appropriate solvent system. A 20 ml plastic syringe was used to
load the polymer solution, which was then placed in the syringe pump section of the machine. The
Ti6Al4V and cpTi samples to be coated were placed on a stationary collector drum covered with
aluminium foil. The collector should remain isolated from its axle in such a way that it may be
grounded without also grounding adjacent objects (Leach, et al., 2011). The syringe pump was
used to apply a constant flow rate to the polymer solution from the syringe to the needle. A needle-
based single nozzle electrospinning equipment, in which only one needle is used as the spinneret,
is the simplest and most basic form. Mao et al. (2023) found that this is the most frequently used
electrospinning equipment in studies. A single nozzle electrospinning with a stainless steel blunt-

end needle tip was adopted for this project.

A high-voltage direct current (DC) power supply housed in the base of the machine was used to
supply the required charge to the solution. The needle was connected to the positive terminal of
the power supply to charge the polymer solution, while the negative terminal was connected to the
collector to ground it. When the electric field from the power supply overcame the liquid surface
tension of the polymer solution, a Taylor cone formed at the tip of the needle-like spinneret. With
continuous application of flow rate and charge to the polymer solution, the conical shape led to
fibre jet ejection through the needle tip, with the jet travelling a specific distance to the collector
to coat the Ti6Al4V and cpTi surfaces with polymer nanofibres. Since the collector was stationary,
the specimens were coated with random fibres. Aligned fibres may be collected on a rapidly
rotating collector wheel (Leach, et al., 2011). To obtain continuous bead-free NFs, the voltage,
flow rate and distance between the needle tip and the top of the collector should be optimised.

These parameters were arbitrarily adjusted until NFs with the desired morphology were obtained.

5.4. Direct pull-off adhesion test
For a coating to perform, it is critical that it sufficiently adheres to the substrate (Ahmed, et al.,
2018). Pull-off adhesion testing has become the industry standard for most applications because it

is simple, repeatable and provides valuable results. A pull-off adhesion tester quantifies the force
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perpendicular to the substrate required to pull a specified diameter of coating away from the
substrate (DeFelsko, 2020; Ibrahim & Hamad, 2023). The DeFelsko PosiTest AT-A Automatic
Adhesion Tester kit (

Figure 5.3) was employed as per the manufacturer’s instructions in accordance with ASTM D4541
to test the adhesion strength of the electrospun polymeric NF-coated onto Ti6Al4V and cpTi

samples (dimensions: 30 x 30 x 2 mm).

Actuator with

: . / etV Loading fixtures
quick coupling —— o A / G (dollies)
i S . _- Cutting tool
Glue Kit includes: —

Two-part epoxy glue ol iy
Palettes
e ..~ Abrasive pad
Mixing sticks

Cotton swabs

Adhesion tester

Figure 5.3: DeFelsko PosiTest AT-A automatic Adhesion Tester kit

The following steps were used to complete the direct pull-off adhesion test (DeFelsko, 2020):

1. The surface of the loading fixture (also known as the dolly) was prepared by cleaning and
roughening with the abrasive pad to help the glue form a tight bond with the dolly surface.
For the present investigation, 20 mm dollies were used.

2. Equal amounts of the two-part epoxy glue were stirred on the pallet with mixing sticks
until thoroughly combined.

3. A uniform layer of the glue was applied to the dolly, and it was pressed vertically on the
coating. Any excess glue was removed with a swab.

4. The glue was left to cure for 24 hrs at room temperature.
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The coating around the dolly was cut with the cutting tool to isolate the test area. This is
particularly essential for elastomers.

The actuator was attached to the dolly, ensuring that quick coupling was completely
engaged.

An electronically controlled hydraulic pump applied a continuous pressure at a rate-of-pull
of 1.0 MPa/s to the dolly until it detached from the substrate surface, which marked the

completion of the test.

The adhesion tester measured the maximum pressure required to pull the fixture from the surface.

The measurement data was automatically recorded using the PosiSoft Software on the tester. In

addition to pull-off strength, ASTM D4541 and ISO 4624 require the nature of the fracture to be

recorded based on visual inspection of the test system at fracture (DeFelsko, 2023). According to

ASTM International (2022), the glue and coating layers constitute the test system. The scheme that

describes the total test system and its fractures is illustrated in Figure 5.4 and is as follows (ASTM

International, 2022; DeFelsko, 2023):

»

»

»

The coated specimen is designated as substrate 4, upon which successive coating layers B,
C, D, and so forth have been applied, including the glue Y that secures the dolly Z to the
top coat.

A cohesive fracture occurs within a coating layer (the coating on the dolly face is identical
to that on the substrate). It is designated by the layer within which it appears as B, C, D, Y,
and so forth, and the visually estimated percentage.

An adhesive fracture occurs at the interface between layers (the coating on the dolly face
differs from the substrate). Glue failure is the visible separation of the glue from itself, the
coating or the dolly (no coating is visible on the dolly face during glue failure). Adhesive
fractures and glue failure are designated by the interfaces at which they occur as A/B, B/C,

C/D, Y/Z, and so forth, and the visually estimated percentage.
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Dolly Face Coated Surface

100% cohes:ve fracture

/ \

100% adhesive fracture

(1)

Dolly

Dolly Face Coated Surface cecoee

B1#4 Laver: 2

Cohesive? ‘u Adhesive %
Glue: Y YIZ Interface:
i , Layer 2: 50% Cohesive (C) Substrate:A 0 AB Interface:
Layer 1: 50% Cohesive (B) _Edit

Laver1:B 50 | BIC Interface:

0
m CHY Interface: 0
0
0

Substrate (A) ', ‘

(ii) (iii)
Figure 5.4: (1) Differentiation between the test system fractures, (ii) demonstration of interpreting
the nature of a fracture, and (ii1) the recording thereof with estimated percentages on the adhesion

tester display screen (adapted from DeFelsko (2023))

The Ti6Al14V and cpTi substrates in the current investigations were coated with a single layer of
an electrospun NF matrix. Therefore, each test system consisted of the glue Y and layer B (NF
layer) on the substrate 4. In cases where a primer was applied at the nanofibre-metal interface, the
primer layer was also a polymer and/or was too thin to be considered as a separate layer. The
criteria for acceptable adhesion strength and fracture were not established from the standards.

Therefore, the experimental data were compared with those found in the literature.
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5.5. Material
5.5.1. Polymers

Material selection is crucial for producing biodegradable, bioadhesive polymer NFs for biomedical

applications. The selected polymer composition determines the morphology, mechanical strength,

degradation rate and biocompatibility of the NFs (Sharma & James, 2022).

Table 5.1 highlights the synthetic polymers selected to prepare solutions for electrospinning into

NFs as coatings for the LPBF Ti6Al4V and cpTi surfaces, the solvents in which they are soluble,

and their features applicable to biomedicine.

Table 5.1: Characteristics of the employed polymers

Polymer details

Ref.

Poly(e-caprolactone) or polycaprolactone (PCL)

Structure:

n

- Semi-crystalline, aliphatic polyester

- Biocompatible and biodegradable

- Slow degradation rate (2—4 years)

- Hydrophobic

- Low melting temperature (Tm, ~ 60°C) and glass
transition temperature (Tg, ~-60°C),

- Exceptional mechanical properties [high tensile
strength (10.5-16.1 MPa), yield strength (8.2—
10.1 MPa) and elastic modulus (343.9-364.3
MPa)]

- Unique combination of polyolefin-like
mechanical properties and polyester-like
hydrolysability;

- Distinct rheological and viscoelastic properties

- Thermoelastic

- Non-toxic

Characteristics:

N,N-dimethylformamide (DMF), dichloromethane
Solvents: (DCM), methylene chloride, trichloromethane (TCM,
also known as chloroform (CHCIs))

Molecular weight: Average 3,000 to 80,000 Da

Applications: Tissue engineering; drug-delivery systems; wound
dressings; biosensors; fixation devices;
cardiovascular stents; implants

(Cheng, et al.,
2010; Baker, et
al., 2016;
Ashtikar &
Wacker, 2018;
Song, et al., 2018;
Kiran, et al.,
2019; Atrrieta, et
al., 2020; Stewart,
et al., 2020;
Bikuna-Izagirre,
et al., 2022; Mao,
etal., 2023;
Quilez-Molina, et
al., 2023)

Poly(ethylene glycol) (PEG)
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Structure: (Cheng, et al.,
0O 2010; Leung,
H o - H 2014; Birca, et
al., 2019; Visan,
n et al., 2020)
Characteristics: - Hydrophilic (water soluble)
- Biocompatible and biodegradable
- Linear or branched-chain polyether
- Low melting temperature (40—60 °C)
- Highly flexible
- At low molecular weight: liquid, amorphous
- At high molecular weight: solid, crystalline
- Non-toxic
Solvents: Water and most organic solvents (such as methanol
(MeOH), ethanol (EtOH), acetonitrile, benzene, and
TCM)
Molecular weight: 200 Da to several million Da
Applications: Tissue engineering; drug-delivery systems; implants
Poly(methyl methacrylate) (PMMA)
Structure: CH (Ottenbrite &
I 3 Javan, 2005;
0 0 Maitz, 2015; Liu,
etal., 2016;
Banoriya, et al.,
2017; Ni, et al.,
CHa 2019; Nathanael
& Oh, 2020;
Characteristics: - Amorphous Kausar, 2021;
- Hydrophobic Yuan, et al., 2022
- Biocompatible )
- Non-biodegradable, slow degradation
- Glassy transparent polymer
- Thermoplastic
- Poor thermal and mechanical properties (brittle,
tensile strength of ~ 59 MPa, elastic modulus of
~2.55 GPa)
- Low toxicity
Solvents: Acetone, DMF, tetrahydrofuran (THF), ethyl acetate,

CHCl3

Molecular weight:

100,000 to 1,000,000 Da

Applications: Bone tissue engineering; drug-delivery systems,
sensors, orthodontic retainers, fixation cement for the
orthopaedic prosthetics

Polyurethane (PU)
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Structure: H H (Sheikh, et al.,
M M 8] 2011; Nirmala, et
\Fn’ \"’ '\’/\0% al., 2013; Maitz,
o O 2015; Banoriya,
etal., 2017; Jordi,
2018; Abdal-hay,
Characteristics: - Amorphous etal., 2019;
- Hydrophobic Nathanael & Oh,
- Biocompatible 2020;
- Non-biodegradable, low degradation rate Kazemzadeh, et
- Favourable mechanical properties al., 2022)
- Physical and mechanical properties similar to
natural tissue (tensile strength of ~ 35 MPa,
elastic modulus of ~ 20 MPa)
- Self-healing property
- Thermoplastic elastomer
- Resistant to abrasion
- Excellent hydrolytic stability
- Non-toxic
Solvents: DMF, THF, dimethyl sulfoxide (DMSO)
Molecular weight: 50,000-300,000 Da
Applications: Wound dressing, coating matrix, pacemaker lead
coatings, breast implant coatings, vascular devices,
sensors, implants

To improve the properties of polymer materials and broaden their applications, biopolymers are
often blended to create unique multifunctional polymeric structures (Arrieta, et al., 2020). The
chief purpose of hybrid polymers is to optimise essential characteristics, such as mechanical
stability, degradation rates and water solubility. Among most polymers, PCL possesses a bulk of
essential properties, easily forms copolymers with other compounds, is highly permeable to
various drugs and presents excellent electrospinnable properties, making it an ideal base polymer
in hybrid materials (Cheng, et al., 2010; Stewart, et al., 2020; Quilez-Molina, et al., 2023). A major
shortcoming of PCL is its poor wettability, resulting from its intrinsic hydrophobicity, which slows
its degradation kinetics and hinders cellular attachment, scaffold infiltration, and drug delivery.
Hence, there is a necessity to combine PCL with other polymers and promote success in clinical
applications (Cheng, et al., 2010; Kiran, et al., 2019; Bikuna-Izagirre, et al., 2022). Poly(e-
caprolactone), PEG and PMMA are Food and Drug Administration (FDA) approved biomedical
materials (Stewart, et al., 2020; Bhogal, et al., 2024). Because of its unique combination of

flexibility, toughness, and biocompatibility, PU is also among the polymers commonly used in
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biomedicine as both degradable and non-degradable materials (Brzeska, et al., 2014; Nathanael &
Oh, 2020; Mao, et al., 2023).

Studies have shown that molecular weight affects the miscibility of compounds and the
degradation rates of polymers (Stewart, et al., 2020). The relative molecular weight of the polymer
is directly proportional to solution viscosity (Mao, et al., 2023). Of the properties of precursor

polymer solution listed in

Table 5.1, the viscosity of the solution is the basis of fibre formation during electrospinning. It
determines the structure and morphology of the resultant fibres (Mao, et al., 2023). Solution
viscosity depends on the selection of the most suitable solvent ratio for preparing the
electrospinning solution to obtain the desired fibre diameter, consistency, continuity and
uniformity of fibres. Binary solvents are preferred as opposed to single solvent systems as they
allow for the electrospinning of porous structures and hence have an effect on the formation of

specific surface structures (Liu, et al., 2016).

5.5.2. Copper oxide (CuO) nanoparticles

Among the commonly used metal/metal oxide antibacterial agents, copper (Cu) is an essential
metal in living organisms for supporting metabolic processes (Ahire, et al., 2016). Adding Cu
particles to polymer NFs facilitates the development of multifunctional nanocomposites for tissue
regeneration by enhancing the mechanical and biological properties (Kausar, 2021). At high
concentrations, Cu displays a highly efficient antibacterial effect and thermal stability (Chen, et
al., 2021). Furthermore, a high copper content increases the electric conductivity of a polymer
solution, which results in the production of high charge values and acceleration of jetting polymer
during the electrospinning process (Sheikh, et al., 2011; Chen, et al., 2021). Sheikh et al. (2011)
observed an increase in the rate of nanofibre production by electrospinning as the Cu content was
increased from 0 to 10% in a polymeric solution. However, excessively high Cu concentrations
may cause cytotoxicity. Hence, the Cu content should be maintained at an optimal level such that
it is neither too high to be toxic nor too low to exhibit a bactericidal effect. Moreover, within the
optimal range, the Cu added to the polymer solution should not interfere with the

electrospinnability of the polymer jet and the subsequent fibre morphology. Studies have shown
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that the maximum concentration of Cu particles that may be electrospun into NFs was 150 mg/ml
(Ahire, et al., 2016).

For this study, Cu in the form of copper oxide nanoparticles (CuO NPs, also referred to as CuO)
was employed as an additive to induce the antibacterial properties of the NF coatings. Copper
oxide nanoparticles were synthesised in situ by aqueous precipitation method using copper
chloride dihydrate (CuClz-2H20, 98%) as a precursor and sodium hydroxide (NaOH) as a reducing
agent (Figure 5.5). Copper (II) chloride solution (0.2 M) and polyvinylpyrrolidone (PVP) (0.1 M)
were placed in a round-bottomed flask and heated to boiling under magnetic stirring. Then, 1.0 M
NaOH solution was poured into the flask. The colour of the solution immediately changed from
blue to black and resulted in the formation of a black suspension. The black suspension was stirred
and heated to boiling for 2.5 hrs. The mixture was then cooled to room temperature and centrifuged
to obtain a wet CuO precipitate. The precipitate was filtered and washed with distilled water and
absolute ethanol several times. The resulting product was dried (at 60 °C for 6 hrs) to obtain the
dry powder of CuO NPs as shown in Figure 5.5. The chemical reactions involved in the preparation

of CuO nanoparticles are outlined below:

CuCl, + NaOH —» Cu(OH), + NaCl

Decomposition

Cu(OH)2
@ 60°C

» CuO (black precipitate) + H>O

CuCl; solution

CuO NPs

Decomposition

+ NaOH

@ 60°C
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Figure 5.5: In situ production of CuO NPs

5.6. Preliminary studies

Because of the novelty of the current experiments, information on the composition of polymer
nanofibres containing an acceptable amount of CuO NPs for electrospinning and Ti surface
adhesion was found to be lacking during the current investigations. Accordingly, preliminary
studies were conducted to determine the most suitable material for further analyses. Poly(e-
caprolactone) was selected as the base material due to its ability to be miscible with other polymers
and readily form copolymers and blends (Stewart, et al., 2020). Poly(e-caprolactone) and its
copolymers have gained popularity as biomaterials in the design of various controlled/prolonged
drug delivery systems such as nanoparticles and implants (Cheng, et al., 2010). All reagents used
in this work were analytical grade and were used as received without additional purification. Due
to the toxic nature of the solvents, all solutions were prepared under a fume hood. Only Ti6Al4V

specimens manufactured using LPBF were employed in the preliminary investigations.

5.6.1. First preliminary study: PCL/PEG NFs blends

The primary advantages of polycaprolactone/polyethylene glycol (PCL/PEG) blends include the
enhanced hydrophilicity of PCL and the mechanical properties of PEG. Wettability measurements
of Visan et al. (2020) evidenced a distinct hydrophilic character of the PCL/PEG blend coatings
as compared to those of the PCL-coated and bare Ti samples. Moreover, the PCL/PEG contact
angle value of the 3:1 (weight/weight (w/w)) blend at 62.1 was almost double that of the 1:3 (w/w)
blend at 36.2. Douglas et al. (2016) discovered a detrimental effect on the tensile strength and
stiffness of PCL with the addition of PEG, reducing them by 20-40% as the concentration of PEG
was increased from 5% to 25% in the PCL/PEG blend.

Subsequent benefits of PCL/PEG composite coatings have been realised. Polyethylene glycol has
been reported to increase the degree of crystallinity of PCL as a result of the mobile PEG chains
that improve molecular chain mobility, thus elevating crystallisation rate and serving as sites for
the growth of PCL crystals due to the plasticising effect of PEG (Stewart, et al., 2020). Stewart et
al. (2020) demonstrated an additional crystalline peak characteristic of PEG crystalline domains

in addition to those characteristics of PCL on an x-ray diffraction (XRD) plot of a PCL/PEG
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coating film intended for AM implant devices. Also, the melting point of PCL was reduced by the
addition of PEG. The results of Douglas et al. (2016) were contrary to those of Stewart et al. (2020)
regarding crystallinity, as their XRD showed no new peaks for PCL-PEG blends, which was
attributed to immiscibility between the polymers (An et al., 2001). However, both studies agreed
that PEG contributed to the improvement in the thermal stability of the blends. It is noteworthy
that molecular weight has an effect on the miscibility of compounds (Stewart, et al., 2020). For
their study, Visan et al. (2020) focused on the long-term degradation of PCL-blend-PEG coatings
fabricated for coating Ti implants, and found that the PEG component had completely degraded
after 16 weeks of immersion in simulated body fluids (SBF). Their fluorescence microscopy
studies showed that the PCL-blend-PEG coating was an adequate substrate for the adhesion and
proliferation of human mesenchymal stem cells and endothelial cells, and preserved their

phenotype.

For the current project, Ti6Al4V sample discs (10 x 2 mm) were coated with a blend of PCL (Mn
= 80,000 Da) and PEG (Mn = 6,000 Da) NFs using the electrospinning process. It was envisaged
that the mechanical strength of PCL and the hydrophilicity of PEG would provide a suitable
scaffold for guided tissue regeneration. The PCL/PEG (1:1 w/w) blend was prepared by dissolving
PCL and PEG in 20 ml of CHCI3/MeOH (3:1 v/v) solvent system. Complete dissolution was
achieved after 4 hrs of continuous stirring at room temperature; thereafter, the polymer solution
was electrospun onto Ti6Al4V samples. Electrospinning was conducted at applied voltages
ranging from 20 to 24 kV, driven by a high-voltage DC power supply. The polymer solution was
loaded into a 20 ml syringe equipped with a blunt steel needle with a 30 mm tip diameter. The
collector was covered with aluminium foil, and the Ti6Al4V samples were placed on the foil as
the collecting substrates. The distance between the needle tip and the collector with samples was
maintained at 10-20 cm. The syringe was placed in the pump section of the machine (Figure 5.2),
and the polymer solution was pumped at a flow rate of 1.6—3.0 ml/hr. Electrospinning was carried
out at room temperature and ambient relative humidity. The Ti6Al4V plates coated with the

polymer films were kept at room temperature for 24 hrs to allow for a gradual solvent evaporation.

Three different collection times (10 min, 20 min, and 1 hr) were applied to obtain three samples in

duplicate. Uncoated Ti6Al4V discs were used as controls. Polymers have a low glass transition
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temperature of ~60 °C; therefore, sterilising by autoclaving may adversely affect the structural and
functional properties of the electrospun NFs. Sterilisation using 70% (v/v) ethanol (EtOH) solution
and agar diffusion assay were conducted as described in Chapter 6. The antimicrobial efficacy of
the three samples was tested against Staphylococcus aureus (S. aureus) ATCC 25923 and
Escherichia coli (E. coli) ATCC 25922.

The sterilisation effectiveness of 70% EtOH was qualitatively assessed by the absence of microbial
growth in the medium after a 24-hour culture period for all samples. Subsequently, the agar
diffusion assay was carried out. The PCL/PEG nanofibre coatings did not exhibit any antibacterial
properties against the S. aureus strain, as shown in Figure 5.6. The same was observed for the E.
coli strain (results not shown, as they were similar to those of S. aureus). Furthermore, after
extensive treatment with 70% EtOH, re-sterilisation of the samples was not established, and the
NFs peeled off from the Ti6Al4V surfaces. Therefore, further modifications to the NF polymer
solution and its application on the Ti6Al4V surface were required to improve the microbiological

properties and adhesion of the electrospun NFs.

Control ’ - -, 1 hr coating

10 min coating 20 min coating

Figure 5.6: Agar diffusion assay of PCL/PEG nanofiber-coated Ti6Al4V samples

5.6.2. Second preliminary study: PCL- and PMMA-based polymer NFs
Poly(methyl methacrylate) is an FDA-approved biomaterial that is tough, heat resistant,
compatible with human tissue, hydrophobic, and used extensively as a medical adhesive

(Ottenbrite & Javan, 2005; Liu, et al., 2016; Bhogal, et al., 2024). Hence, PMMA is worth
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exploring as a base material for electrospinning-coating of medical implants with polymeric NFs.
One issue associated with coating a metal surface with organic materials is poor adhesion between
the two materials. To remedy this, polymers may be covalently anchored to the metal substrate
surface to generate an adhesive interlayer (Nathanael & Oh, 2020). To explore strategies to
improve the adhesion strength of electrospun NFs, various polymer NF compositions and
adhesives were applied to Ti6Al4V samples (30 x 30 x 2 mm). Base polymers were PMMA (Mn
=12,000 Da) and PCL (Mn = 80,000 Da). The direct pull-off adhesion test was conducted. Sample

coating descriptions and adhesion test results are shown in Table 5.2.

Table 5.2: Various polymer compositions and their adhesive strengths

Sample no. Sample description Adhesion test results (MPa)
A PMMA + WBA Glue -
B PMMA/PCC + BA 0.39
C PMMA + BA 0.50
D PMMA -
E PCL + BA 0.75

WBA = water-based acrylic deck adhesive; PCC = polymer-cement concrete; BA = butyl acrylate

The coatings of Samples A and D peeled off from the Ti6Al4V surface after the coating process.
Therefore, the adhesion test could not be conducted and indicated a lack of adhesion to the
Ti6Al4V substrate, hence discouraging the use of glue- or epoxy-type adhesives. As shown in
Table 5.2, the adhesion strengths of all tested samples were lower than those reported in the
literature (Abdal-hay, et al., 2012). The coating containing PCL was more adherent than that
containing PMMA.. This may be attributed to the higher stiffness and amorphousness of PMMA.
In consequence, PCL was used for further investigations towards establishing the most suitable

polymer solution for coating biomedical Ti-based implants.

5.6.3. Third preliminary study: PCL/PEG/CuO and PCL/PU/CuQO blend NF systems

The extracellular matrix (ECM) of soft tissue is comprised of elastic components (Kazemzadeh,
et al., 2022). Accordingly, polyurethane (PU) is a flexible polymer that may simulate the ECM
elasticity in support of the excellent mechanical properties of PCL (Kazemzadeh, et al., 2022).

Poly(e-caprolactone) and PU have been shown to form neat structures suitable for soft tissue
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engineering due to their high biocompatibility and controllable degradation rates. Metal oxide-
containing polymer NFs may possess improved properties in terms of thermal stability, flexibility
and solubility (Nirmala, et al., 2013). To continue with the investigation of the effectiveness of
ethanol sterilisation, determine the antimicrobial efficacy and observe adhesion of NFs on
Ti6Al4V substrates, polymer blends of PCL/PEG and PCL/PU were imbued with the in situ
produced CuO NPs to enhance the antimicrobial properties of the NF coatings with the application

of a primer to promote adhesion of the NF mats onto the Ti6Al4V surfaces.

5.6.3.1. Application of primer

The flexibility of PU and the adhesive nature of the acrylates, such as PMMA and poly(butyl
acrylate) (PBA), make them ideal primers to promote adhesion between the metal surface and the
electrospun polymerous NF coating. Furthermore, among the studied materials, PU and PMMA
are the amorphous, and amorphous materials tend to exhibit better adhesive qualities than their
semi-crystalline counterparts (Polymershapes, 2025). Since the electrospun nanofibrous coating is
porous, fluids may come into contact with the metal surface and initiate corrosion; however, when
the polymeric material completely covers the implant surface, the metal will only start to corrode
after the polymer coating has degraded (ElectrospinTech, 2024). Before coating the Ti6Al4V
surfaces with polymer NFs by electrospinning, the primer solutions were applied on the surfaces
of some substrates using a manual micropipette coating method (Figure 5.7) (Fuglsby, et al., 2020).
The specimens were subsequently electrospun with NFs directly after primer application, along

with those without primer.
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Figure 5.7: Micropipette setup for coating of metal substrates with polymer primer

5.6.3.2. Coating with fortified NFs

For the electrospinning solutions, the solvent systems used for the preparation of PCL/PEG/CuO
and PCL/PU/CuO blends were CHCl3/MeOH (3:1 v/v) and DMF/THF (1:1 v/v), respectively. The
polymer solutions were prepared by first dispersing 0.2 g of CuO NPs in 20 ml of each solvent
system for 5 min in a sonicator at room temperature, followed by dissolving PCL/PEG (3:1 w/w)
and PCL/PU (3:2 w/w) in the designated solvent mixture and agitated on a magnetic stirrer for 3
hrs at 40 °C in a fume hood. The PCL/PEG/CuO and PCL/PU/CuO blends produced dark brown
solutions, characteristic of CuO NPs in solution. Ti6Al4V discs (10 x 2 mm) were coated with

PCL/PEG/CuO and PCL/PU/CuO by electrospinning.

Sterilisation using 70% EtOH solution and agar diffusion assay were conducted as described in
Chapter 6. The description of the samples, the results from the sterilisation, the antimicrobial
testing using S. aureus ATCC 25923, and the adhesion condition of the NF coatings on the
Ti6Al4V specimens throughout the analysis are outlined in Table 5.3. The adhesion was not
measured; instead, it was visually inspected to assess its condition and determine whether the
coating remained firmly on the sample (designated as intact) or peeled from the sample surface,

and the stage of analysis at which it peeled.

Table 5.3: Testing of sterilisation, antimicrobial effect and adhesion of various composite NF
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Sample Initial .R.e- . Antlmlcr(?blal .R.e- . Adhesion of
o . e e sterilisation properties sterilisation
description sterilisation . . NF coat
of fails against S. aureus for reuse
PCL/PEG/CuO Pass - Fail Intact
PCL/PU/CuO Pass - Fail Intact
PCL/PEG/CuO . .
(PU primer) Fail Fail - Intact
PCL/PU/CuO Pass - Pass Intact
(PU primer) N
one
PCL/PEG/CuO . . Pecled on Ist
(PMMA primer) Fail Pass Fail re-
P sterilisation
PCL/PU/CuO :
(PMMA primer) Pass - Fail Intact
PCL/PU/CuO Fail Fail i Peeled on
(PBA primer) arrival

The samples that failed the sterility test after the initial sterilisation were re-sterilised before
continuing antimicrobial testing of the sterile samples against the S. aureus strain. Those that failed
the re-sterilisation before antibacterial testing were excluded from the test. As shown in Table 5.3,
none of the tested specimens displayed bactericidal effects. This observation corresponds to that
of the first preliminary study, where PCL/PEG amalgam was used without CuO and thus may be
considered a negative control for the samples in this preliminary study. Therefore, the antibacterial
effect of the CuO NPs was not evident. The coating consisting of PCL/PU/CuO NFs with PU as
the primer is the only sample which passed all the stages of sterilisation and remained adherent

throughout. This coating and primer combination was used in ensuing examinations.

5.6.4. Fourth preliminary study: Adhesion of PCL/PU/CuO NFs

Since the PCL/PU/CuO has been shown to adhere to the Ti6Al4V surface during sterilisation and
re-sterilisation procedures pre- and post-antimicrobial testing, respectively, the adhesion strength
of the polymer composite was explored. Nine Ti6Al4V samples (30 x 30 x 2 mm) were coated
with PU primer solution at different concentrations using the micropipette, followed by
electrospinning coating with the PCL/PU/CuO composite as previously described at varying
electrospinning deposition times. After the polymer mats had dried, the direct pull-off adhesion
test was performed (as described in Section 5.4. Direct pull-off adhesion test), and the results are

shown in Table 5.4.
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Table 5.4: Adhesion strength of PCL/PU/CuO on Ti6Al4V substrate with PU primer

Polymer solution for NFs PU primer Electrospinning Adhesion
(Yow/v) deposition time (hrs) strength (MPa)

2 7.13

30 1 2.72

0.5 2.27

2 2.43

PCL/PU/CuO 16 1 2.54
0.5 -

2 7.65

8 1 2.81
0.5 -

For adhesion test results to be reliable, the coating should be evenly distributed on the test surface,
which was not the case for the samples whose adhesion strengths were not determined as indicated
in Table 5.4. The adhesion strength values were evidently higher than those observed during the
second preliminary study; hence, the PU primer considerably improved the adhesion properties of
the electrospun polymer coating. This may be attributed to the thermoplastic elastomeric property
of the PU in both the primer and the NF composition. There was no clear correlation among the
various PU primer concentrations. The primer coating concentrations of 30% PU and 8% PU
showed high adhesion strengths of 7.13 MPa and 7.65 MPa, respectively, at 2 hrs electrospinning
deposition period, suggesting that longer coating times may optimise the adhesion strength of the

polymer coating.

5.6.5. Fifth preliminary study: Final coating material composition
The ensuing step after establishing adhesion strength was to improve the antimicrobial activity of
the PCL/PU/CuO nanofibres by adjusting the concentration of CuO nanoparticles in the polymer
hybrid. An excessive increase in the amount of additives in the polymer solution may adversely
affect the quality of the electrospun NFs and thus render the polymer solution unsuitable for
electrospinning. Four sets of coating materials were prepared, namely:

1) PCL/PU polymer composite solution at 3:2 (w/w), respectively

2) PCL/PU/CuO NPs polymer composite solution at 3:2:0.2 (w/w/w), respectively

3) PCL/PU/CuO NPs polymer composite solution at 3:2:0.3 (w/w/w), respectively
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4) PCL/PU/CuO NPs polymer composite solution at 3:2:0.5 (w/w/w), respectively

The solutions containing CuO nanoparticles were characterised by ultraviolet visible (UV-vis)
spectroscopy to confirm the formation of nanoparticles. The UV-vis spectra were measured on a
Shimadzu UV-2600 UV-Vis Spectrophotometer (Figure 5.8) in a wavelength range of 200-900
nm. UV-visible absorption spectroscopy plays a crucial role in investigating the optical properties
of nanoparticles. The optical property of CuO NPs powder suspended in THF solvent was analysed
in the wavelength range of 200900 nm. The analysis was performed in a quartz cell, using THF
as a reference solvent. From the UV-vis spectra in Figure 5.8, two peaks of maximum absorption
were exhibited. A strong peak occurred at about 275 nm, while the other was weak at 339 nm. This
may be attributed to the formation of CuO NPs (Nirmala, et al., 2013). An increase in the
absorbance peak intensity was observed with increasing CuO concentration in solution,
demonstrating a substantial enhancement of light absorption in the visible region. These results

indicated that CuO NPs had been successfully synthesised.
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Figure 5.8: (i) Shimadzu UV-2600 UV-Vis Spectrophotometer setup, and (ii) UV-vis absorption

spectrum of copper oxide nanoparticles solutions at 0.2%, 0.3% and 0.5% w/v

The samples containing 0.2% w/v CuO NPs have been shown not to exhibit antimicrobial
characteristics in preceding preliminary analyses. During electrospinning of the solution
containing 0.5% w/v CuO NPs, black spots were produced by the spattering of agglomerated CuO
NPs and the fibre network that formed at various voltages and spinning distances was non-uniform,
discontinuous and not firmly adhered to the Ti6Al4V surface (Figure 5.9). This may be due to a
high concentration of CuO NPs, a solution that is too viscous or insufficient mixing. For these
reasons, the 0.3% w/v CuO NPs solution was selected as the final polymer solution to be used in

this project.
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Figure 5.9: Electrospun PCL/PU/CuO (3:2:0.5, w/w/w) polymer NF mat peeling off from substrate

5.7. Final samples: PCL/PU and PCL/PU/CuQO nanofibre coatings
The selected polymer amalgamations were utilised to prepare solutions for electrospinning into
NF coatings. The substrates were produced with LPBF of the Ti6 Al4V and cpTi discs (10 X 2 mm)
and rectangular samples (30 x 30 x 2 mm). Substrates were ultrasonically cleaned with acetone,
anhydrous ethanol and distilled water for 15 min each in turn to remove surface impurities and
dried under natural air (Wang, et al., 2022). The polymer compositions were PCL/PU at a ratio of
3:2 (w/w) and PCL/PU/CuO NPs at 3:2:0.3 (w/w/w). Before coating with electrospun NFs, the
substrates were coated with a PU primer solution. The primer was prepared by dissolving 0.613 g
PU polymer in a 2 ml mixed solvent system containing 1:1 (v/v) of DMF/THF at room temperature
and continuous magnetic stirring for 10 min. A 30% w/v PU primer solution was obtained.
Thereafter, one side of the substrates was fully coated with the primer solution using a micropipette
(as shown in Figure 5.7) to pour 10 pl of primer on the small discs and 100 pl on the rectangular
ones. The electrospinning parameters for the manufacturing of NF scaffolds were varied until
continuous, bead-free fibre jets were obtained. Optimal electrospinning conditions for coating with
NFs were:

» Voltage: 17 kV

» Flow rate: 0.7 ml/hr

» Collecting time: 2 hrs

» Distance between needle tip and collector: 10 cm

» Needle tip diameter: 600 um

» Solvent volume: 20 mL
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» Relative humidity: ambient

Typically, samples coated with PCL/PU were white, while those coated with PCL/PU/CuO were
brown due to the CuO NPs (Figure 5.10). Sheikh et al. (2011) also noticed visible colour changes
between pristine PU and Cu-containing formulations after electrospinning, with the pristine PU
retaining its original white colour and the Cu-containing NF mats exhibiting a reddish-brown
colour. According to Chen et al. (2021), several research papers have reported that the colour of
electrospun polymer NFs changes to reddish brown upon the addition of Cu particles. The
rectangular samples were used for adhesion strength testing in the current chapter, and the disc
samples were used for biological analyses in Chapter 6. For nanofibre characterisation in this

chapter, the most suitable sample shape and size for the particular analysis was employed.
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(ii)
Figure 5.10: Ti samples coated with electrospun membrane composite of (i) PCL/PU, and (ii)
PCL/PU/CuO

5.7.1. Characterisation of nanofibres on coated surfaces

5.7.1.1. Diameters

The morphologies of the as-spun PCL/PU and PCL/PU/CuO fibre membranes coated on the
substrate (10 x 2 mm) surfaces were investigated using JEOL JSM-IT200 InTouchScope™
Scanning Electron Microscope (SEM) equipped with an energy-dispersive X-ray spectroscopy
(EDS). Specimens were coated with iridium and imaged at 5 kV at a working distance of 10 mm.
The diameters of one hundred (n = 100) randomly selected fibres on the SEM micrographs of the

corresponding coating scaffold were measured using the ImageJ image analysis software (FIJI
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version) and analysed using IBM SPSS Statistics software. The results were recorded at average

fibre diameter (AFD) + standard deviation.

The morphologies of the as-fabricated PCL/PU and PCL/PU/CuO nanofibre mats coated on Ti
surfaces and the corresponding fibre diameter distribution plots are shown in Figure 5.11. The
electrospinning process produced scaffolds composed of randomly distributed, well-defined NFs,
which were smooth, bead-free, and continuous, with varying diameters. The morphology of the
PCL/PU NFs was not affected by the addition of CuO. However, NFs modified with CuO were
visibly thinner than those without the NPs. The AFD of PCL/PU and PCL/PU/CuO NFs were 632
+ 371 nm and 575 £ 397 nm, respectively. The values are comparable to those reported by Sarabi-
Mianeji et al. (2015) and Chen et al. (2021). Sarabi-Mianeji et al. (2015) optimised the
electrospinning conditions for the fabrication of PCL NFs and found that the fibre diameters were
546 + 173 nm under optimal conditions. While the results of Chen et al. (2021) showed that the
AFD for electrospun PCL/gelatine NFs infused with 0.3 wt.% of Cu NPs was 501 + 121 nm, which
was less than the fibre diameter of NFs without Cu NPs of 686 + 151 nm. The diameter decreased

with increasing additive mass of Cu NPs.
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Figure 5.11: SEM micrographs and fibre diameter distribution curves of (i) PCL/PU, and (ii)
PCL/PU/CuO

The fibre diameter distribution plot in Figure 5.11(i) shows PCL/PU nanofibres with diameters
ranging from 160—1700 nm, with about 60% of the fibres having diameters between 200—-600 nm.
The NFs produced using PCL/PU/CuO (Figure 5.11(ii)) had a diameter distribution ranging from
60—-1700 nm, and 49% of the fibres were in the range of from below 100 nm to 500 nm. This
reduction in diameter with the addition of copper is a general trend observed amongst similar
studies of polymers permeated with Cu NPs for electrospinning (Sheikh, et al., 2011; Ahire, et al.,
2016; Chen, et al., 2021; Erci & Sariipek, 2023). The enhanced solution conductivity due to Cu in
the polymer solution affects the Taylor cone size and decreases the diameter of PCL/PU NFs. Also,
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the increased electrical conduction accelerates jetting of the solution from the Taylor cone and
results in the formation of thinner fibres because of a faster electrospinning process (Sheikh, et
al., 2011; Nirmala, et al., 2013; Ahire, et al., 2016; Chen, et al., 2021; Erci & Sariipek, 2023). On
the contrary, Quilez-Molina et al. (2023) observed an increase in the diameter of PCL-Cu NFs as
the content of Cu nanoparticles was increased and credited this to a rise in the viscosity of the spun
fibre due to the presence of Cu NPs. Their SEM micrograph further revealed white spots
ubiquitously distributed throughout the electrospun fibres, consistent with the copper
concentration; hence, the inhomogeneity of the PCL/Cu mixture possibly contributed to the higher

solution viscosity and the ultimate increase in the as-spun fibre diameter.

Numerous studies have reported a wide range of diameters for PCL and PU NFs. Manakhov et al.
(2021) and Erci & Sariipek (2023) electrospun PCL fibres with diameter values within the range
of 40-300 nm. Scanning electron microscope analysis by Quilez-Molina et al. (2023) exhibited
PCL NF mats of fibre diameters ranging from approximately 0.2 to 7.5 um. Kazemzadeh et al.
(2022) determined AFDs of PCL, PU and PCL/PU scaffolds fabricated by the blend
electrospinning method. The AFDs of PCL and PU were 433 + 80 nm and 470 £ 95 nm,
respectively. The PCL/PU scaffolds produced diameters ranging between 420 + 75 nm and 436 +
84 nm, and the diameters increased with the addition of PU and corresponding reduction of PCL
in PCL/PU scaffolds. The diameters of pristine PU and PU/CuO composite NFs studied by
Nirmala et al. (2013) were similar and in the range of 100—-300 nm along their lengths. Zhang et
al. (2020) demonstrated that electrospinning produced fibres of different diameters on substrates
with varying conductivity, and aluminium foil yielded the thinnest NF. Increasing the

electrospinning voltage also resulted in thinner fibre diameters.

5.7.1.2. X-ray diffraction (XRD)

The elemental compositions and crystalline phases of the PCL/PU and PCL/PU/CuO blend
coatings on Ti6Al4V and cpTi surfaces were analysed using the XRD equipment and parameters
as described in Section 4.2.1. Sample preparation and characterisation. The XRD diffraction
patterns are illustrated in Figure 5.12. In agreement with UV-vis spectra in Figure 5.8, the XRD
data confirmed the successful synthesis of CuO NPs and incorporation thereof in PCL/PU
nanofibres. The Cu peaks were identified at 26 values of 43.38°, 50.52°, and 74.25° corresponding

239

© Central University of Technology, Free State



O

Central University of
Technology, Free State

tothe (111), (200), and (220) crystalline planes. Similarly, Xu et al. (2018) analysed the diffraction
pattern of CuO NPs deposited onto a polymer blend containing PCL and discovered Cu peaks
located at 43.5° and 50.5°, corresponding to the (111) and (200) planes. Nirmala et al. (2013)
prepared CuO particles incorporated PU nanofibres by electrospinning. Their intense diffraction
peaks at 35°, 38°, 44°,48°, 64.5° and 78° corresponded to the (002), (111), (200), (202), (113) and
(220) crystal planes of CuO.
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Figure 5.12: X-ray diffraction patterns of (i) Ti6Al4V, and (i1) cpTi coated samples (NF = PCL/PU;
NF Cu = PCL/PU/CuO NPs)
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Two diffraction peaks were distinctive from the Ti6Al4V and cpTi patterns (Figure 5.12(i) and
(i1), respectively), which were formed at transmittance angles of 21.9° and 24.2° at (110) and (200)
crystalline planes, respectively. They were identified as the peaks of semi-crystalline PCL (Balu,
etal., 2011). Several studies also observed the characteristic peaks of pristine PCL at Bragg angles
of approximately 21.5° and 24° and associated them with the crystal planes of (110) and (200)
(Arrieta, et al., 2020; Stewart, et al., 2020; Kandi, et al., 2021; Alyamani, et al., 2023; Qian, et al.,
2023; Yaseri, et al., 2023). As shown in Figure 5.12, a broad peak formed over a 26 range of 17—
20°, which is characteristic of the amorphous nature of pristine PU. Kandi et al. (2021)’s XRD of
pure PU also revealed a broad peak between 15° and 25°, while Nirmala et al. (2013) reported a
broad diffraction peak at 20° for pristine PU nanofibres. Polyurethane is innately amorphous; thus,
the spectrum of pure PU does not possess any reasonable peaks to indicate its noncrystalline nature

(Sheikh, et al., 2011).

For the coated Ti6Al4V samples (Figure 5.12(i)), the diffraction patterns for the Ti element in
Ti6Al4V and Ti6Al4V-PCL/PU were similar, with the patterns differentiated by the polymeric
peaks. There seemed to be a slight reduction in the Ti peaks, a great reduction in the PCL peaks,
and a larger hump in the PU amorphous peak with the addition of CuO NPs to the polymer
composite. The cpTi samples (Figure 5.12(ii)) showed a great difference in peak intensity between
the bare and the coated surfaces. A major change in peak intensity of the Ti element was not
observed between Ti-PCL/PU and Ti-PCL/PU/CuO. Nonetheless, a large increase in PCL intensity
occurred with the addition of CuO NPs to the NF solution, and thus, coupled with the weak
intensity peaks of Cu in Figure 5.12(1) and (i1), raises questions about the purity and orientation of
the NPs within the NFs. Literature exploring the properties of polymeric NFs as coatings on metal
surfaces is sparse. Hence, it may be postulated that properties of the NF mat (such as thickness and
porosity) may affect the detectability of some elements and the orientation of the constituents of

the NFs scaffolds when applied as metallic coatings.

5.7.2. Surface roughness
The portable surface roughness tester was utilised to measure the surface roughness of LPBF-
manufactured samples (30 x 30 X 2 mm) before and after electrospinning coating with PCL/PU

and PCL/PU/CuO NFs mats. The profilometer was set to record measurements in accordance with
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ISO 1997. The stylus was set to travel to a cut-off length of Ac = 2.5 mm at a measuring speed of
0.5 mm/s for all samples, and perpendicular to the laser scanning direction for the uncoated
samples. The average surface roughness measurements were collected at five randomly selected
locations on each plate. The roughness values of R, and R. were captured and presented as mean
+ standard deviation, as shown in Table 5.5 and Figure 5.13. For statistical analysis, the Student’s
t-test was performed, and values of p < 0.05 were considered statistically significant, and values

of p <0.01 were considered statistically highly significant.

Table 5.5: Surface roughness values of bare and coated Ti6Al4V and cpTi surfaces

Sample R, (um) R; (nm)
Ti6Al4V 12.85 £ 0.97 78.30 + 4.11
Ti6Al4V-PCL/PU 437+0.61 27.90 +4.76
Ti6Al4V-PCL/PU/CuO 11.03 +1.28 65.25 +7.30
cpTi 26.64 +2.50 143.34 + 13.18
Ti-PCL/PU 3.36 £0.48 18.52 + 1.86
Ti-PCL/PU/CuO 10.19 £ 3.60 54.17 + 13.62
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Figure 5.13: Surface roughness measurements of bare and coated Ti64 and cpTi specimens (NF =

PCL/PU; NFCu = PCL/PU/CuO)
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The surface roughness values of bare Ti6A14V (p = 0.000002 for R, and p = 0.0000003 for R-)
and Ti6Al14V-PCL/PU/CuO (p = 0.0001 for R, and R:) were highly significantly higher than of
Ti6Al4V-PCL/PU, and of Ti6Al4V was insignificantly (p = 0.0556 for R, and p = 0.0194 for R:)
higher than of Ti6Al4V-PCL/PU/CuO. Similarly, roughness values of bare cpTi and were highly
significantly higher than of Ti-PCL/PU (p = 0.00003 for R, and p = 0.00004 for R:) and Ti-
PCL/PU/CuO (p = 0.0001 and 0.00001 for R, and R:, respectively), and of Ti-PCL/PU/CuO was
highly significantly higher than of Ti-PCL/PU (p = 0.0186 for R, and p = 0.0059 for R:). Therefore,
coating with PCL/PU NFs smoothened the substrate surfaces, whereas CuO increased the

roughness of the NF mats, almost restoring it to the uncoated value for Ti6Al4V.

The surface of bare cpTi was highly significantly (p =0.0001 for R, and p = 0.0003 for R:) rougher
than that of bare Ti6Al4V. Conversely, as expected, significance (p > 0.05) was not established
between Ti6Al4V and cpTi surfaces coated with NFs of the same composition, as shown in Figure
5.13. Havlicek et al. (2020) measured an average surface roughness of ~1.5 um for electrospun
PU, and Kichi et al. (2020) studied the roughness of Ti6Al4V substrate coated with a PCL-based
polymer blend and found roughness values of R, = 3.43-5.97 um and R-=39.45-52.04 um. These
values are analogous to those obtained in this research, and it may be postulated that PCL was the
primary contributor to the roughness of the PCL/PU amalgam. Electrospun NFs with a high surface
roughness may be preferred for applications in tissue engineering because they result in a larger

specific surface area (Ni, et al., 2019).

5.7.3. Adhesion strength

A solid interfacial bonding strength between the NF coating and Ti implants is mandatory to
prevent disruption, delamination or folding of the NF coatings on the Ti implant surface during
implantation (Song, et al., 2017; Sopcak, et al., 2018; Zhang, et al., 2020; ElectrospinTech, 2024).
Detachment of the coating from the substrate accelerates the accumulation of water molecules and
corrosive ions at the substrate surface and may facilitate the easy release of the coated layer (Abdal-
hay, et al., 2012). Early detachment of the coating may disrupt cell integration with Ti during
clinical applications, which is the primary objective of coating Ti implant surfaces with NFs that
mimic the ECM. The bonding strength between a polymer matrix and metal substrate depends on

various factors such as surface chemistry, microstructure, surface roughness of the substrate, and
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processing parameters of the applied technique (Sopcak, et al., 2018). Electrospun coatings are
known to provide insufficient adhesion on a substrate, and thus, electrospinning of polymer NFs
directly onto metallic surfaces leads to complications at the polymer/metal interface, which may
pose a threat to the longevity of the implants (Abdal-hay, et al., 2012). A possible solution to
strengthen the adhesion of electrospun NFs is to first coat the metallic substrate with a polymeric
film that adheres to metallic surfaces, then electrospin the nanofibrous mat onto the film. The

resultant nanofibre-film-substrate interfaces may be more adherent than a nanofibre-metallic

interface (Abdal-hay, et al., 2012).

For the present experiment, the Ti (30 x 30 x 2 mm) surfaces were coated with PU primer using
the micropipette method before electrospinning coating with PCL/PU and PCL/PU/CuO NF. Prior
to the pull-off test, the coated substrates were visually inspected, and the polymeric coatings were
found to be rigidly adherent to the Ti surfaces, with negligible risk of peeling off by hand. The
adhesion test was conducted under both dry and wet conditions, similar to Abdal-hay et al. (2012,
2019). For the wet adhesion test, the samples were immersed in Ringer’s solution (Sigma-Aldrich)
at 37 °C to simulate the physiological environment. After 8 hrs of immersion, the coated samples
were removed from the solution, the surfaces were patted dry with paper tissue, and the adhesion
test was immediately conducted as described earlier in this chapter. The adhesion strengths were
tested in triplicate and reported as the mean + standard deviation. The adhesion strengths of the
NF scaffolds on Ti6A14V and cpTi substrates in dry and wet conditions are presented in Table 5.6.
The recorded nature of fracture was the most occurring and/or the most representative among the

repeats of each sample.
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Table 5.6: Adhesion strength of NF coating on titanium substrate in dry and wet conditions

Adhesion strength (MPa) Nature of fracture Examples of
Sample fracture t
Dry Wet Dry Wet racture types
Cohesive: 100% B
Ti6Al4V- Cohesive: Cohesive:
PCL/PU 2.78 £0.73 7.76 £ 0.41 100% B 100% B
Cohesive:
Ti6Al4V- Cohesive: 70% B
PCLPU/Cy0 | 292F0:05 | ST1-266 | 100005 | Adhesive: | Adhesive: 100% 4/B
30% A/B AR

Adhesive: Cohesive:

Ti-PCL/PU 1.66 +£0.28 5.87+£2.35 100% A/B 100% B

Cohesive: 70% B
A_esive: 30% A/B

L

Cohesive:
Ti- Cohesive: 60% B
pCL/PU/Cuo | P F016 | 48T£2.07 15505 Adhesive:

40% A/B

*A4 = metal substrate; B = polymer coating

The most occurring failure mode for all coatings was cohesive. Cohesive fracture is an indication
of a strong interfacial adhesion of the coating onto the substrate (Fu, et al., 2001). This is also
evident in Table 5.6, where the higher adhesive strength values were obtained from cohesive
fractures under each test condition. The addition of CuO particles to the PCL/PU coating on
Ti6Al4V substrates reduced adhesive strength, particularly under wet conditions. The effect of
CuO NPs on the adhesion strength of PCL/PU was not well established for the cpTi samples. This
was similar to that reported by Abdal-hay et al. (2019), who did not detect adverse effects on the
adhesion performance of a PU composite layer after incorporating magnesium particles and

coating on Ti. The surface roughness of cpTi was highest (Table 5.5); however, the PCL/PU and
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PCL/PU/CuO coatings on the cpTi displayed the weakest adhesion strength in dry and wet
conditions, respectively. For all coated substrates, the adhesion strengths were higher in wet than
in dry conditions. During their investigation, Abdal-hay et al. (2012) dip-coated a cpTi specimen
in polylactic acid (PLA), followed by electrospinning coating with PCL NFs. The researchers then
tested the adhesion strength of the hybrid polymer in dry and wet conditions. The samples were
immersed in standard SBF for the wet conditions, and the pull-off test was conducted on the dry
and wet samples. Contrary to the current study, the dry adhesion strengths were stronger than the

wet adhesion strengths.

Samples of Abdal-hay et al. (2012) coated with electrospun PCL layer and PLA as an interfacial
layer on the Ti substrates produced higher adhesion strength values of 3.8 £ 0.75 and 1.9 £+ 0.42
MPa than those with PCL fibres electrospun directly on the Ti surface, which produced adhesion
strength values of 2.67 = 0.8 and 0.8 + 0.33 MPa for dry and wet conditions, respectively. Other
studies have shown adhesion strength values of PCL at 1.8 MPa (Xu & Yamamoto, 2012), 1.52
MPa (Ibrahim & Hamad, 2023) and 1.3 MPa (Bou-Francis, et al., 2020) and of PU at 1.46 MPa
(Duong, et al., 2024), 1.128-11.73 MPa (Passos, et al., 2021) and ~4.8 MPa (Skosana, et al., 2021).
As a result, it may be concluded that the application of the PU as a primer and as a constituent of

the electrospun NF coating greatly enhanced the adhesive strengths of the NF mats.

Poly(e-caprolactone) has been reported to exhibit insufficient bonding to metallic surfaces due to
its low oxygen content in its molecular structure (Abdal-hay, et al., 2012; Grewal, et al., 2023).
Consequently, the higher adhesion strength values obtained in this experiment were ascribed to
PU, as it contains a higher ratio of oxygen in its weight than PCL. Therefore, PU provided stronger
electrostatic interactions on Ti substrate surfaces, particularly because the primer consisted of PU
only (Xu & Yamamoto, 2012). In addition, titanium dioxide (TiO:), naturally present on Ti

surfaces, facilitates the formation of stronger bonds.

Brzeska et al. (2014) demonstrated that PU undergoes hydrolysis and degrades in Ringer’s
solutions, eventually leading to physical crosslinking of macromolecules. Along with hydrolysis
of the ester linkages of PCL, which are able to incorporate into the soft segments of PU, the

crosslinking of PU molecules after being soaked in Ringer’s solutions may have resulted in
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stronger bonds and higher adhesion of the polymer layer with the metal surface (Brzeska, et al.,
2014). For their study, Song et al. (2017) deposited polycaprolactone/polyvinyl alcohol
(PCL/PVA) NFs directly onto a Ti implant surface during electrospinning and measured the
bonding strength of the coating using a standard single-pass scratch test. The scratch test
demonstrated strong bonding between the NF coating and the Ti pins. The authors also confirmed
this in an ex vivo porcine bone implantation model, in which the NF coating remained non-
delaminated during implantation. Furthermore, they found that >80% of PCL NFs remained bound
to the Ti implant surface after 30 min of ultrasound sonication and identified a potential reason as
that hydrogen bonds form between PCL and TiO> on the Ti metal surface. The hydrogen bonding
of PCL NFs to the Ti implant surface may be difficult to break. In addition, adhesion between
electrospun NFs and Ti surface generally results from the van der Waals force induced by the
nanoscale structures of the as-spun fibres, which are characterised by a high surface area-to-
volume ratio, highly active chains at the surface and the electrostatic force involved in the
electrospinning process (Itkovits, et al., 2009; Song, et al., 2017; Zhang, et al., 2020).
Consequently, the adhesion force may differ due to the different number of fibres deposited per
unit area, such that the more fibres on the same area, the larger the adhesion force (Zhang, et al.,

2020).

The adhesion strength at the NF-primer-metal interfaces may be improved by thinner coatings with
an average thickness of ~50 pm (Sopcak, et al., 2018); the occurrence of pores adds to a larger
surface area for embedded fibres and thus increases the adhesive strength of the coating (Abdal-
hay, et al., 2012); and infusing NFs with particles that have irregular shapes (Abdal-hay, et al.,
2019). Although the effect of the as-fabricated surface roughness was not established in the present
investigation, pre-treating the substrates to roughen the surface by, for example, grit blasting, acid
etching, alkaline treatment, and sandblasting, large-grit, and acid etching (SLA) has been

suggested to improve the adhesion strength of NF on metallic surfaces (Jemat, et al., 2015).
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5.8. Summary

Chapter 5 elucidated the manufacturing of Ti6Al4V ELI and cpTi test using laser power bed
fusion. The electrospinning setup, parameters, and technique were discussed, along with the
selected polymer materials and the in situ fabrication of CuO nanoparticles. Preliminary studies
were conducted using various polymers and CuO concentrations to identify the most efficient
polymer blends that may exhibit antibacterial properties and form strong adhesive bonds with
substrates. The final polymer composites found to be optimal for coating the titanium substrates
were PCL/PU (3:2, w/w) and PCL/PU/CuQO NPs (3:2:0.3, w/w/w) with the use of PU as a primer
to promote adhesion of electrospun NFs. After applying the PU primer by micropipetting and the
ensuing composite NFs by electrospinning, the polymeric coatings were characterised using SEM
for diameters and XRD for elemental compositions and crystalline phases. The surface roughness
and adhesion strength of the coated samples were also examined. The XRD demonstrated the
successful infusion of PCL/PU with in situ-manufactured CuO NPs. The addition of CuO reduced
the diameters, increased the surface roughness and reduced the adhesion strength of PCL/PU NF
coatings on Ti6Al4V and cpTi samples. A correlation between the surface roughness and the
adhesive strength was not observed. The polymers evaluated during the preliminary investigations
did not display antibacterial properties even with the addition of CuO. Optimisation of polymeric

coatings and an in-depth assessment of antimicrobial properties requires further investigation.
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CHAPTER 6 BIOLOGICAL ASPECTS OF TI BASED IMPLANTS

6.1. Introduction

The current chapter discussed the evaluation of functionalised laser powder bed fusion (LPBF)
Ti6Al4V ELI and commercially pure titanium (cpTi) samples for antibacterial efficacy against
bacterial strains commonly associated with implants and biocompatibility with cell lines without
cytotoxicity. The titanium (Ti)-based specimens were functionalised in two forms: 1) by in situ
alloying with copper (Cu) particles during the LPBF process; and 2) by coating their surfaces with

electrospun polymer nanofibres (NFs) imbued with copper oxide nanoparticles.

Titanium alloys have been widely used as orthopaedic and dental bone implant materials because
of biocompatibility with the human physiology (Zhang, et al., 2013). Laser powder bed fusion has
been used to successfully manufacture Ti-base implants with a spectrum of biocompatible features
(Krakhmalev, et al., 2017). However, because Ti implant surfaces are bioinert, it is necessary to
design surfaces that can stimulate interactions with human tissue, and coating these surfaces with
NFs has been identified as the ideal intervention. Fibrous polymeric materials derived from
electrospinning have the ability to promote adhesion and proliferation of tissue cells by mimicking
the extracellular matrix (ECM) (Rodriguez-Tobias, et al., 2019). Nonetheless, materials such as Ti
and synthetic polymers do not innately possess antibacterial properties, and their biocompatibility
allows for bacteria to easily breed under the appropriate conditions, posing a great risk in their
clinical applications (Lei, et al., 2019). Human implant material requires optimum and long-lasting
antibacterial activity, and Cu is an essential trace element in the human body with known

antimicrobial abilities (Zhang, et al., 2013; Abdal-hay, et al., 2019; Al-Khateeb, et al., 2023).
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6.2. Materials and methods

The Ti6Al4V ELI (Grade 23, also denoted as Ti6Al4V or Ti64 in this chapter), commercially pure
Ti (cpTi, Grade 2), and in situ alloyed Ti6Al4V-xCu and Ti-xCu (x = 3, 6 wt.%) test specimen
discs (10 mm x 2 mm) were manufactured by LPBF technique using the procedure and parameters
detailed in Chapter 3. The samples were used in as-built condition without further heat or surface
treatment. After removing the discs from the support structures, they were ultrasonically cleaned
with acetone, anhydrous ethanol and distilled water for 15 min each in turn to remove surface
impurities and dried under natural air (Wang, et al., 2022). The Ti6Al4V and cpTi substrates were
coated with polycaprolactone/polyurethane (PCL/PU) NFs and PCL/PU NFs imbued with copper
oxide nanoparticles (CuO NPs, also referred to as CuO in this chapter) using the electrospinning
technique described in Chapter 5. The test samples are as listed and described in Table 6.1.
Uncoated and Cu-free Ti6Al4V and cpTi discs were used as controls. Unless otherwise specified,
all analyses were conducted in duplicate. All reagents were analytical grade and were used as

received without additional purification.

Table 6.1: List of the test specimens and their descriptions

Sample name Description

Ti6Al4V or Ti64 Control

Ti6A14V-3Cu or Ti64-3Cu Ti6Al4V alloyed with 3 wt.% Cu

Ti6A14V-6Cu or Ti64-6Cu Ti6Al4V alloyed with 6 wt.% Cu

Ti6Al4V-NF or Ti64-NF Ti6Al4V coated with PCL/PU (3:2, w/w)
Ti6Al4V-NFCu or Ti64-NFCu Ti6Al4V coated with PCL/PU/CuO (3:2:0.3, w/w/w)
cpTi Control

Ti-3Cu cpTi alloyed with 3 wt.% Cu

Ti-6Cu cpTi alloyed with 6 wt.% Cu

Ti-NF cpTi coated with PCL/PU (3:2, w/w)

Ti-NFCu cpTi coated with PCL/PU/CuO (3:2:0.3, w/w/w)

The microbiological analyses to examine the antibacterial efficacy of the Cu particles in the test
specimens were conducted at the Centre for Applied Food Sustainability and -Biotechnology

(CAFSaB) at the Central University of Technology, Free State (CUT). The cell culture
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experiments to evaluate the interaction between the test specimens and cell lines were conducted
at Rhodes University Biotechnology Innovation Centre (RUBIC) at Rhodes University (RU). All
experiments in the present study were performed under aseptic conditions in a class II biosafety
cabinet to prevent contamination. Figure 6.1 shows the biosafety cabinets situated in CAFSaB and

RUBIC.

(1) (i)

Figure 6.1: Biosafety cabinets installed at (i) CAFSaB, and (i1)) RUBIC

6.2.1. Sterilisation

All the tools, reagents, and samples without coating were sterilised by steam autoclaving (Figure
6.2(1)) at 121 °C and ~120 kPa for 15 min, and allowed to cool to room temperature before the
experiments. The NF-coated samples were sterilised with 70% (v/v) ethanol (EtOH) and tested for
sterility. The ethanol sterilisation method used was derived from Shearer et al. (2006) and Naderi
et al. (2016). The discs were placed in glass petri dishes in their respective groups with the coated
side facing upwards. They were then submersed in 70% ethanol (diluted from 99% (v/v) EtOH
with distilled water) for 30 min, followed by three rinse cycles in sterile phosphate-buffered saline

(PBS). Two McCartney bottles containing only sterile tryptone soy broth (TSB) were used as
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controls. One tube was kept closed, and the other was kept open and treated the same as the samples
(excluding the sterilising with EtOH) throughout the sterilisation procedure. Samples were tested
for sterilisation effectiveness by placing one disc from each group in a McCartney bottle
containing 5 ml of TSB. All the bottles were then placed in an incubator (Figure 6.2(ii)) at 37 °C
overnight. The broths were examined macroscopically, and broth turbidity indicated inefficient
sterilisation; a clear broth indicated efficient sterilisation and no contamination. In cases where the
macroscopic examination of the broth was inconclusive, the broth was plated onto tryptone soy
agar (TSA) (WHO, 2024) and incubated at 37 °C overnight. Clear agar without any growth
observed during macroscopic examination indicated a lack of contamination and efficient
sterilisation. The sterilisation and sterility testing processes were repeated for the samples that the
sterility assay indicated bacterial growth, until those samples displayed adequate bacterial

inactivation.

Figure 6.2: (i) ALP KT-30L Autoclave, and (ii) Precision Incubator Memmert INB

6.2.2. Microbiological analyses

6.2.2.1. Bacterial strains and their preservation

The bactericidal effect of the specimens was tested against reference strains of pure cultures
obtained using KWIK-STIKs (Microbiologics, Minnesota, USA). The strains are listed and

discussed in Table 6.2. The bacterial strains were selected because of their prevalence in
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orthopaedic and dental implants. The Microbank™ system was used to preserve and retrieve
individual bacterial strains according to the guidelines provided by the manufacturer. Microbank™
is a ready-to-use system designed for the long-term storage and retrieval of bacterial isolates (Pro-
lab Diagnostic, 2011). The Microbank™ platform consists of storage vials containing
approximately 25 sterile single-coloured beads per vial and a specifically formulated
cryopreservative for low-temperature storage. The specially treated Microbank™ beads are
porous, allowing microorganisms to readily adhere onto the bead surface (Pro-lab Diagnostic,
2011; David, et al., 2023). For the present study, each strain was streaked onto TSA using the
KWIK-STIK (as per the manufacturer’s instructions) and incubated overnight at 37 °C. A single
colony was then picked with a sterile inoculating loop, streaked onto a new TSA plate and
incubated under the same conditions to obtain a bacterial lawn. The bacterial growth was harvested
using a sterile loop for inoculation in the Microbank™ vials and stored at —80 °C for
cryopreservation as part of the collection of bacterial strains at the CAFSaB at the CUT. Fresh
culture may be grown by inoculating a single bead from the Microbank™ vial directly into culture

medium (David, et al., 2023).
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Table 6.2: Bacterial strains and their characteristics

Bacteria strains Properties Common implant | Noteworthy Ref.
association
Staphylococcus Gram-positive | Orthopaedic - 8. aureus ATCC 25923 is known as methicillin- (Tanner, et al., 1997; Pye,
aureus (S. aureus) | Aerobic Dental susceptible S. aureus (MSSA) strain. et al., 2009; Ribeiro, et al.,
ATCC 25923 - S aureus ATCC 43300 is known as a methicillin- | 2012; Zhang, et al., 2013;
resistant S. aureus (MRSA) strain. Arciola, et al, 2018;
S. aureus ATCC - Implant-associated infections are mainly caused by | Bassous, et al., 2019;
43300 staphylococcal species, with S. Dhaliwal, et al., 2021; Lu,
aureus and Staphylococcus epidermidis being the | et al., 2022; Zhao, et al.,
main causative agents. 2023; Hagq, et al., 2024)
- Highly reported medical implant-associated
pathogens.
- Staphylococci comprise up to two-thirds of all
pathogens in orthopaedic implant infections.
- Implicated in peri-implantitis or periodontal
diseases.
- S. aureus has been demonstrated to have the ability
to adhere to titanium surfaces.
- Significant nosocomial, or hospital-acquired,
pathogen.
- Biofilm-forming and antibiotic-resistant.
Staphylococcus Gram-positive | Orthopaedic - Associated with nosocomial infections. (Tanner, et al., 1997,
epidermidis (S. Aerobic Dental - Highly reported medical implant-associated Ribeiro, et al., 2012; Prinzi
epidermidis) pathogens. & Rohde, 2023; Haq, et
ATCC 35984 - Have been found to be more antibiotic resistant al., 2024)
than S. aureus.
- Resistant to antibiotic treatment when in biofilm.
Escherichia coli Gram-negative | Orthopaedic - Associated with nosocomial infections. (Raquid, et al., 2018; Haq,
(E. coli) ATCC Aerobic - Highly reported medical implant-associated et al., 2024)
25922 pathogens.
- Extensively isolated opportunistic pathogens from
implants.
- The most etiologic gram-negative organism,
followed by P. aeruginosa and Klebsiella spp.
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Klebsiella Gram-negative | Orthopaedic Resistant to antibiotic treatment when in biofilm. (Guo, et al, 2012;
pneumoniae (K. Facultative Biofilm-forming on orthopaedic implants. Chouhan, 2016; Prinzi &
pneumoniae) anaerobic Highly reported medical implant-associated Rohde, 2023; Hagq, et al.,
ATCC 700603 pathogens. 2024)

Extensively isolated opportunistic pathogen from

implants.

Found in the normal flora of the mouth, skin, and

intestines.
Pseudomonas Gram-negative | Orthopaedic Opportunistic bacteria, A major cause of (Tanner, et al., 1997;
aeruginosa (P. Aerobic Dental nosocomial infections. Buyck, et al., 2017; Haq,

aeruginosa) ATCC
27853

Highly reported medical implant-associated
pathogens.

Extensively isolated opportunistic pathogens from
implants.

Biofilm-forming and antibiotic-resistant.

et al., 2024; Manhas, et al.,
2024)
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Antibiotic-resistant P. aeruginosa and S. aureus were listed among high-priority pathogens on the
World Health Organization (WHO) Bacterial Priority Pathogens List in 2024 due to their global
threat, especially in health-care settings (WHO, 2024). Furthermore, among the antimicrobial-
resistant pathogens typically found to burden healthcare, methicillin-resistant S. aureus (MRSA),
multidrug-resistant (MDR) P. aeruginosa and carbapenem-resistant Enterobacterales (CRE)
(including E. coli and K. pneumoniae) were classified as presenting urgent, serious and concerning
threats by the Centers for Disease Control and Prevention (CDC) (2024) and may produce severe

soft tissue infections (Munoz-Escobar, et al., 2019).

6.2.2.2. Culture media

The media used were commercially obtained TSA and TSB. The broth employed for P. aeruginosa
was Luria-Bertani (LB) broth (1% w/v tryptone, 1% w/v sodium chloride, 0.5% w/v yeast extract,
pH =~ 6.76). Tryptone soy agar was obtained by adding agar bacteriological to TSB. The TSA
and TSB were prepared according to the manufacturer’s instructions. After preparing its solution,
the TSA was sterilised by steam autoclaving at 121 °C and 121 kPa for 15 min, then to 55 °C in a
water bath before pouring into sterile 90 ml Petri dishes. The agar plates were then allowed to cool
and solidify at room temperature overnight. Subsequently, the plates were spot-checked for any
growth, which would indicate contamination. Contaminated agar plates were discarded, and the
remaining plates were stored in the refrigerator and used within 1 month of preparation. The TSB
and LB were prepared and sterilised as needed. Enumeration of bacterial suspensions was

performed using the agar diffusion assay and the plate count method.

6.2.2.3. Agar diffusion assay

Preparation of antibiotic filter paper discs

The antibiotic used was erythromycin. Whatman number one (no 1) filter papers (6 mm diameter)
were selected for preparing the discs because of their common use in disc preparation (Ukwuoma,
et al., 2014). Before impregnation with erythromycin, the filter papers were sterilised by
autoclaving for 15 minutes at 121°C and allowed to cool. The antibiotic stock solution for filter
paper disc impregnation was prepared according to the method described by Epoke et al. (2003)
with minor modifications. The filter paper discs were impregnated with 15 pg of erythromycin.

Impregnation was achieved by submerging the sterilised filter paper discs in the working solution
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for 10 min to allow absorption. The discs dried in the oven at 40 °C for 15 min and were used

immediately.

Preparation and seeding of inoculum

Each bacterial strain (Table 6.2) was revived from cryopreservation by plating a single
Microbank™ bead on TSA and incubating at 37 °C overnight. A single colony was then inoculated
into an Erlenmeyer flask containing 20 ml of sterile TSB and incubated overnight in a shaking
incubator at 37 °C (Figure 6.3(i)). The resulting bacterial suspension was plated on a TSA plate
using the easySpiral Pro® automatic plater (Figure 6.3(ii)) at the constant mode setting. After
leaving the suspension to dry on the agar plate (~15 min), the Ti sample discs (Table 6.1) were
placed in a specific configuration with the guidance of an Interscience Scan® standard plate (Figure
6.3(ii1)). The NF-coated samples were placed with the coated surface in contact with the agar.
Uncoated Ti6Al4V and cpTi discs were used as negative controls for the respective samples, and
a filter paper disc imbued with erythromycin was used as a positive control on each plate. The
plates were incubated at 37 °C overnight. The antibacterial property was determined by measuring
the diameter of the zone of inhibition around the sample disc. Inhibition zones were measured
using the Scan® HD inhibition zone reader (Figure 6.3(iv)) and analysed with Scan 1200® version
7.0.2.0 software. The recommendations of the Committee on Antibiotic Susceptibility of the
French Society of Microbiology (CA-SFM) interpretation system were used according to the CA-
SFM 2013 standard (Dubreuil, et al., 2020; Duque, et al., 2024; Lee, et al., 2025). The size of the

zone of inhibition is directly proportional to antibacterial capacity.
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Figure 6.3: Microbiology testing equipment sited at CAFSaB (1) LASEC® Shaking Incubator BSI-
3, (ii) Interscience easySpiral Pro® automatic plater; (iii) Interscience Scan® standard plate n°3,

and (iv) Interscience Scan®1200 HD automatic colony counter and inhibition zone reader
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6.2.2.4. Plate count method

Preparation and seeding of inoculum

The bacterial strains were revived from cryopreservation and inoculated in 20 ml of sterile TSB as
described for the agar diffusion assay. The TSB containing the bacteria, which had been cultivated
as a single colony for 12 hrs at 37 °C, was diluted through a serial dilution process using TSB (or
LB for P. aeruginosa) to a dilution factor of 10°°. The dilutions at 10 and 10® were plated on
separate TSA plates using the easySpiral Pro® automatic plater on the exponential mode (that is,
the Spiral® method). The Spiral® method is a normalised method by the standards of International
Organization for Standardization (ISO) 4833-2, ISO 7218 and Association of Official Analytical
Collaboration (AOAC) International 977.27 as a method for bacterial enumeration
(rapidmicrobiology.com, 2010). After spiral plating and incubating at 37 °C for 12 hrs (or until the
colonies were macroscopically observable), the bacterial counts were enumerated using the
Interscience Scan®1200 HD automatic colony counter (Figure 6.3(iii)). The counts aid in
determining the number of colony forming units (CFU) in the original 20 ml inoculum from a
single isolated colony and establish the dilution factor required to cultivate the bacterial suspension

of 10° CFU/ml (Ren, et al., 2014; Wang, et al., 2019).

The Ti6Al4V and cpTi sample discs (Table 6.1) were individually placed in 24-well plates. The
coated samples were placed with the coated side facing upwards. Each well was inoculated with 1
ml of the bacterial suspension. The control wells contained: bacterial suspension only (in
duplicate), broth only and broth with the control disc (either Ti6Al4V or cpTi). The 24-well plates
were closed with their lids, sealed with Parafilm, weighted and incubated at 37 °C for 24 and 48
hrs. At the 24- and 48-hr incubation periods, the plates were weighed to monitor evaporation. The
suspension from each well was rinsed three times in the respective well and placed in a Corning®
Cryogenic Vial. Each suspension was then diluted to 107 for bacterial enumeration. The 10~ and
107 dilutions were plated on TSA plates using the Spiral® method. Following incubation at 37 °C
for 12 hrs (or until colonies were macroscopically visible), the colonies were enumerated using a

colony counter.
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Statistical analysis

The enumerated colony counts were expressed as mean + standard deviation in CFU/ml. The
counts from the 10 and 10 dilution factors produced a total of four readings per sample,
including the bacterial-suspension-only control. The recorded measurements were log-
transformed. The significance of cell growth relative to the bacterial suspension was analysed
using the Student’s t-test, with p < 0.05 (95% confidence interval) and p < 0.01 (99% confidence

interval) considered statistically significant and highly statistically significant, respectively.

6.2.3. Tissue culture

6.2.3.1. Biocompatibility

All tissue culture experiments were conducted at RUBIC using C2C12 (a kind donation by Prof
Carola Niesler from the University of KwaZulu-Natal, South Africa) and MDA-MB-231 (a kind
donation from Prof Adrienne Edkins from RU) cell lines. The cells were maintained in 75 cm?
tissue culture (TC) flasks containing 10 ml of complete media comprising Dulbecco’s Modified
Eagle’s Medium (DMEM) High Glucose, 10 % (v/v) heat-inactivated fetal calf serum (HIFCS)
and supplemented with 1% 50/50 penicillin/streptomycin (100 U/ml) antibiotic solution. The
flasks containing suspended cells were kept at 37 °C in a humidified incubator under a 5% (v/v)
CO; atmosphere (Figure 6.4(1)). An inverted light microscope (Figure 6.4(i1)) was used to observe
the confluence of the cells. Once the cells reached a confluence of approximately 80%, the media
was removed from the flask and discarded. The cells were rinsed with 5 ml PBS, trypsinised by
adding 2 ml 1x trypsin (prepared from 10x trypsin in PBS) and incubated for approximately 5 min.
Trypsinisation was confirmed under the light microscope — indicated by detached cells in

suspension — followed by the addition of 10 ml complete media to arrest the trypsinisation.
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(1) (ii)
Figure 6.4: (i) Heal Force CO: incubator, and (i1) Zeiss Axio Vert.Al FL Inverted Transmitted

Light Microscope Lab

The cell suspension was transferred to sterile 15 ml Falcon® centrifuge tubes and centrifuged at
2040 rpm (or 400 rcf) for 5 min. The supernatant was poured out, and the pelleted cells were re-
suspended in 10 ml complete media. For viable cell enumeration, an aliquot of 20 pl of the cell
suspension was mixed with 20 pl of trypan blue (that is, at a ratio of 1:1) to stain dead cells. The
cells/trypan blue mixture (10 pl) was added to each cell side of an Invitrogen™ Countess™ Cell
Counting Chamber Slide, and the cells were counted using the Invitrogen™ Countess™ 3
Automated Cell Counter (Figure 6.5(1)). The cells were also manually counted by adding 20 pl of
the cells/trypan blue mixture to the upper and lower chambers of the Improved Neubauer
haemocytometer (Figure 6.5(ii)) and enumerated with the assistance of the inverted light
microscope and the online Cell Dilution Calculator by Omni Calculator (Omni Calculator, 2024)

to obtain the total cell count.
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(@) (i)

Figure 6.5: (i) Invitrogen™ Countess™ 3 FL Automated Cell Counter with the counter slide, and

(i1) addition of cells/tryphan blue mixture into the Improved Neubauer haemocytometer

The sterile sample discs (Table 6.1) were placed in 24-well plates with one disc/well. The
harvested cells were then seeded at a seeding density of 1 x 10° cells/well into the corresponding
wells. The control wells contained cell suspension only (in duplicate), media only and media with
control disc (Ti6Al4V or cpTi). The plates were spot-checked using an inverted light microscope
to assess the presence/absence of cells in the respective wells. The 24-well plates were incubated
in the 5% COz incubator at 37 °C for 24 hrs, 48 hrs and 5 days. At each time interval, the 24-well
plate was removed from the incubator, and the samples from the individual wells were rinsed twice
in 1 ml PBS to test cell retention. One sample from each sample group, as listed in Table 6.1, at
the 24-hr and 5-day incubation intervals, was preserved for imaging using a scanning electron
microscope (SEM). The remaining duplicate specimens at 24-hr, 48-hr and 5-day intervals were
transferred to a new 24-well plate, and 1 ml of complete media was added to each sample. For
imaging and viability, ReadyProbes™ Cell Viability Imaging Kit (Blue/Green) by Invitrogen™
was used. Five microliters each of the NucBlue® Live reagent and the NucGreen® Dead reagent
were added to each well, and the plates were incubated for 30 min. Images of the fluorescence-
stained cells were captured on the Invitrogen™ EVOS™ FL Auto 2 Imaging System (Figure 6.6)
at 10x magnification using a standard diamidino-2-phenylindole (DAPI) filter set and DAPI EVOS

light cube (357/44 nm excitation; 447/60 nm emission) for the blue stain and a standard fluorescein
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isothiocyanate/green fluorescent protein (FITC/GFP) filter set and GFP EVOS light cube (482/25
nm excitation; 524/24 nm emission) for the green stain. When the fluorescence imaging was
completed, samples in their respective plates were analysed for cytotoxicity using the resazurin

assay.

Figure 6.6: Invitrogen™ EVOS™ FL Auto 2 Imaging System

6.2.3.2. Resazurin cell viability assay

Resazurin (7-hydroxy-10-oxido-phenoxazin-10-ium-3-one) is a redox dye used during the
resazurin assay (Khatua, et al., 2022). The assay is a colorimetric fluorescence test based on the
reduction of the oxidised resazurin implemented by living cells (Sanchez Armengol & Laffleur,
2021). As illustrated in Figure 6.7, the non-fluorescent blue-coloured resazurin enters the cytosol
where it accepts an electron from nicotinamide adenine dinucleotide (NADH), nicotinamide
adenine dinucleotide phosphate (NADPH), flavin mononucleotide hydride (FMNH), flavin
adenine dinucleotide (FADH) and cytochromes, and is reduced to the red-coloured, highly
fluorescent pink compound named resorufin (Sanchez Armengol & Laffleur, 2021; Khatua, et al.,
2022). Hence, the resazurin assay is a cell viability test and has been recognised as a standard assay

due to its simplicity of use and good reproducibility (Sanchez Armengol & Laffleur, 2021).

272

© Central University of Technology, Free State



O

Central University of
Technology, Free State

of
\\ > ’:\ /\\\ = P w . .
HO N No X0 NADHIH'&NAD'IH,O OF T T Ol

Resazurin U Resorufin
Blue and low . dink and high |
fluorescence Viable cell e

Figure 6.7: Resazurin assay reaction during cell viability testing (adapted from Creative Bioarray

(2025))

The viability of C2C12 and MDA-MB-231 cells seeded onto the titanium sample discs was
evaluated for cytotoxicity using resazurin sodium salt. The resazurin reagent was prepared by
dissolving 0.01 g of resazurin powder in 1 ml PBS, resulting in a 44 mM (1000%) stock solution,
from which a 44 pM (10x) dye solution was prepared in PBS. The resazurin dye is sensitive to
light and temperature. Hence, light exposure was minimised during preparation, and the solution
was stored in a light-resistant container at —20 °C for a year or at 4°C for 6 months. The 10x
resazurin dye (100 pl) was added to the respective wells and incubated for 45 hrs at 37 °C in 5%
CO; for analysis of metabolic activity. Approximately 150 pl of the liquid from each well was
transferred to a 96-well plate for colorimetric (absorbance) and fluorescence plate reading.
Measurements of the resazurin reduced to resorufin were conducted using a Varioskan LUX
Multimode Microplate Reader by Thermo Scientific (Figure 6.8) at a wavelength of 600 nm for
absorbance, and for fluorescence at the excitation and emission wavelengths of 560 nm and 600
nm, respectively. The readings were taken at a temperature of 37 °C and recorded as relative

fluorescence unit (RFU). For cell viability, the RFU was calculated using Equation 6.1.

RFUsample_RFUblank
RFUcenis—RFUpjank

RFU = Equation 6.1

where RFUgample, RFUcelis and RFUpiank, are RFU values obtained from control/test sample, control
well with cells only and media blank, respectively. The RFU values were presented as a fold

change by normalising the cell suspension control to 1 (representing cell viability of 100%).
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Figure 6.8: Varioskan LUX Multimode Microplate Reader

6.2.3.3. SEM observation of adherent cells

The morphology of adherent C2C12 and MDA-MB-231 cells on the surfaces of the test specimens
was observed for the 24-hr and 5-day samples. After rinsing twice in PBS as described above (that
is, samples that were not subjected to any staining), each disc was submerged in a fixative solution
consisting of cold 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer and transported to the
Centre for Microscopy at the University of the Free State (UFS) for imaging and analyses. The
samples were transferred to a 3% glutaraldehyde fixative in 0.1 M sodium phosphate buffer. After
the fixation, the materials were washed with PBS, followed by gradient dehydration in varying
concentrations of ethanol (30%, 50%, 70% and 95%) for 30 min, and the dehydration was
completed in two changes of 100% EtOH for 1 hr per change. The samples were dried using a
Tousimis SAMDRI®-795 critical point dryer (Figure 6.9(1)). The dry specimens were mounted
onto aluminium stubs using epoxy glue and coated with iridium in a Leica EM ACE600 high
vacuum sputter coater (Figure 6.9(ii)). JEOL JSM-IT200 InTouchScope™ Scanning Electron
Microscope (SEM, Figure 6.9(iii)) was used for imaging, and the elemental analysis was
conducted using the JEOL JSM-7800F Schottky Field Emission Scanning Electron Microscope
(FE-SEM, Figure 6.9(iii)) equipped with the Oxford Instruments X-Max 80 energy-dispersive X-
ray spectrometer (EDS) detector with AZtec software. The specimens were imaged using the

secondary electron detector at 5 kV for 40 min per sample, with a working distance of 10 mm.
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(ii1)
Figure 6.9: UFS Centre for Microscopy housed (i) Tousimis SAMDRI®-795 critical point dryer,

(i1) Leica EM ACE600 high vacuum sputter coater, and (iii) JEOL JSM-IT200 InTouchScope™
Scanning Electron Microscope and JEOL JSM-7800F Schottky Field Emission Scanning Electron
Microscope equipped with EDS
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6.3. Results and discussion

6.3.1. Sterilisation

Establishing an efficient and non-destructive sterilisation protocol for polyester scaffolds that
preserves their three-dimensional (3D) structure remains a challenge (Holy, et al., 2001). Rogers
(2005) defines sterilisation as the destruction of viable microorganisms that are capable of
surviving in most environmental conditions. To be approved for use in the human body, polymer
scaffolds are required to demonstrate sterility (Rediguieri, et al., 2016; Bhaskar, et al., 2017).
Sterility is mandatory for all medical devices and should be incorporated during the product
development stage (Bhaskar, et al., 2017). Steam sterilisation accomplished in an autoclave is the
most widely used and most dependable of all the available sterilisation methods (CDC, 2023).
Moreover, heat is the oldest and primarily recommended terminal sterilant by health authorities
(Rediguieri, et al., 2016). However, autoclaving is not a viable option for sterilising polymers with

low melting points.

Polycaprolactone has a low melting point (T, around 60 °C) and glass transition temperature (Tg,
around —60 °C) (Cheng, et al., 2010; Domanska, et al., 2020). Rediguieri et al. (2016) identified
literature that describes the deleterious effect on the scaffold structure of PCL NFs after
autoclaving. In addition, biocompatible polymers are hydrolytically unstable and, thus, exposure
to heated moisture may accelerate degradation, compromise longevity and alter mechanical
properties (Yoganarasimha, et al., 2014). Other common traditional methods are sterilisation using
ultraviolet (UV) radiation, ethylene oxide, gamma radiation and ethanol. Ultraviolet radiation is
not suitable for sterilising medical devices with undulating surfaces (ElectrospinTech, 2022).
Ethylene oxide may be explosive and inflammable, and leads to toxic residues that require
extensive degassing after sterilisation, which may be difficult to completely remove from woven
NF mats (Rogers, 2005; Rediguieri, et al., 2016). Gamma radiation may cause alterations in the
molecular structures of the polymer, resulting in deterioration and reduced ductility (Shearer, et

al., 2006; Rediguieri, et al., 2016).

Alcohol sterilisation is not approved as a sterilisation method by health authorities (Rediguieri, et
al., 2016). However, integrating various aspects of the sterilisation of polymer materials for

healthcare applications without adversely affecting their end use expands the scope of sterilisation
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(Rogers, 2005). Sterilisation of medical products using ethanol is widely used in research
laboratory settings due to its low cost, availability, apparent effectiveness and ease of use (Shearer,
et al., 2006; Bhaskar, et al., 2017). Bhaskar et al. (2017) demonstrated that EtOH sterilisation of
an electrospun PCL scaffold did not alter cellular response to the scaffold. Similarly, Holy et al.
(2001) studied the sterilisation behaviour of poly(D,L lactic-co-glycolic acid) (PLGA) and found
that ethanol was less degrading than other common sterilisation techniques (namely, ethylene
oxide and gamma radiation). Bhaskar et al. (2017) acknowledged this behaviour of PLGA as an
indicator for the reaction of other biodegradable polyesters such as PCL. Hence, EtOH sterilisation
was applied for the present coated samples and was found to be effective in sterilising the NF-

coated test specimens.

6.3.2. Microbiological analyses

Infection at a bone-implant interface is the most plausible cause of implant failure directly after
implantation (Krakhmalev, et al., 2017). Consequently, utilising implant materials with embedded
antibacterial agents has been proven to effectively reduce bacterial infection by acting locally and
long-term at the infection site (Zhang, et al., 2013; Krakhmalev, et al., 2017; Kiran, et al., 2019).
Metal or oxide based on Cu is well established as an antibacterial agent (Manfredi & Calignano,
2017; Munoz-Escobar, et al., 2019). The antibacterial performance of Ti—Cu alloys is critical for
reducing inflammation caused by bacterial infection (Xin, et al., 2022). Furthermore, coating the
Ti implant surface with NFs permeated with Cu particles allows for the controlled release of Cu

ions (Munoz-Escobar, et al., 2019).

6.3.2.1. Agar diffusion assay

The agar diffusion assay (also known as the disc diffusion method) is favoured for its simplicity
and rapidity (Joshi, et al., 2008). The technique was first utilised in the late 1800s and is performed
according to standardised methodologies issued by reference groups, such as Clinical and
Laboratory Standard Institute (CLSI), British Society for Antimicrobial Chemotherapy (BSAC)
and the Swedish Reference Group for Antibiotics (SRGA) (Tenover, 2009; Ukwuoma, et al.,
2014). In the agar disc diffusion method of antimicrobial susceptibility testing, the antimicrobial
agent diffuses from a focus (which is the sample disc in this study) through a solid medium,

inhibiting the growth of an organism to a distance depending on the sensitivity of the organism to
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the agent (Ukwuoma, et al., 2014). Thus, the method measures the qualitative action of an

antimicrobial agent against pathogenic microorganisms (Bayot & Bragg, 2024).

Figure 6.10 illustrates the results of the agar diffusion assay for the test specimens (Table 6.1)
against the bacterial strains (Table 6.2). From these results, it may be seen that an inhibition zone
was not formed by any of the test specimens, as with the negative control, including those
containing Cu/CuO particles in alloy form and as imbued in the electrospun PCL/PU NFs coating.
The erythromycin showed inhibition against S. aureus ATCC 25923 (inhibition diameter = 27.1 +
0.3 mm), E. coli (inhibition diameter = 14.8 = 0.5 mm), K. pneumoniae (inhibition diameter = 8.8

+ 0.8 mm) and P. aeruginosa (inhibition diameter = 11.7 + 0.4 mm).

278

© Central University of Technology, Free State



Q)

Central University of
Technology, Free State

cpTi
Ti-3Cu Ti64-NF/
Ti-NF
Ti-6Cu Bacterlql
suspension
growth
Erythromycin .
Ti64-NFCu/Rli ®
Zone of Ti-NFCu g
inhibition S—
S. aureus ATCC 25923 S. aureus ATCC 43300
S. epidermidis
K. pneumoniae P. aeruginosa

Figure 6.10: Inhibition zones from agar diffusion assay

Based on the agar diffusion assay, the Cu content did not exhibit antibacterial properties against

the tested strains. For their research, Zhang et al. (2013) fabricated a Ti—10 wt.% Cu alloy with a
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diameter of 25 mm by powder metallurgy to determine the antibacterial efficacy Cu against of S.
aureus and E. coli. Similar to the current study, their agar diffusion assay did not show inhibition
zones with Ti—Cu samples against both bacteria. On the contrary, Haider et al. (2015) and Sarwar
et al. (2022) observed zones of inhibition against both Gram-positive and Gram-negative bacteria
produced by electrospun polymer NF scaffolds impregnated with CuO NPs. For both studies, the

inhibition was attributed to the bactericidal activity of CuO.

Muiioz-Escobar et al. (2019) performed the disc-diffusion method to examine the antibacterial
activity of PCL-CuO NPs nanofibres prepared by electrospinning. The analysis was performed
against three Gram-positive (S. aureus, Bacillus subtilis and Streptococcus mutans) and three
Gram-negative (E. coli, P. aeruginosa and Klebsiella oxytoca) bacteria. The best inhibition result
was against the P. aeruginosa, showing effectiveness for the lowest concentration of CuO NPs at
25 mM, with an inhibition zone of 7.00 mm, and the inhibition significantly increased to 11.20
mm at the highest CuO NP concentration of 200 mM. Klebsiella oxytoca and S. aureus showed
only a small inhibition zone at the highest concentration (200 mM), producing inhibition halos of
6.69 mm and 6.79 mm, respectively. Zones of inhibition in the other tested bacteria were not
observable at any PCL-CuO NPs concentration. Varying Cu/CuO concentrations may influence

the antimicrobial behaviour of test specimens.

6.3.2.2. Plate count method

Figure 6.11 illustrates the enumerated CFUs of the test samples for the various strains, and Figure
6.12 shows matrices of p-values comparing the bacterial counts among the test samples. On each
matrix, the lower triangle represents the results after 24 hours of incubation, and the upper triangle
represents the results after 48 hours of incubation. Comparing the counts obtained from the
bacterial suspension only (incubated without a sample disc and designated as “Suspension” in
Figure 6.11 and Figure 6.12) with those obtained from the test samples indicated the antibacterial
property of the samples (or samples’ ability to promote cell growth), and statistical

significance/high significance thereof is indicated in Figure 6.11.
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Figure 6.11: Colony forming units of test specimens against various bacterial strains (*= statistically/highly statistically significant)
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Figure 6.11: Colony forming units of test specimens against various bacterial strains (*= statistically/highly statistically significant)

(cont.)
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Suspension

Ti64

Ti64-3Cu

Ti64-6Cu

Ti64-NF

Ti64-NFCu

cpTi

Ti-3Cu

48 hrs
Suspension Ti64 Ti64-3Cu | Ti64-6Cu | Ti64-NF | Ti64-NFCu cpTi Ti-3Cu Ti-6Cu Ti-NF Ti-NFCu
0.2604 0.2886 0.2771 0.3833 0.3496 0.7548 0.9594 0.9054 0.6540
0.1211 0.1427 0.1285 0.2188 0.1713 0.8308 0.7945 0.6730 0.7201
0.8992 0.8507 0.9371 0.8645 0.0657 0.4833 0.6110 0.5394
0.8196 0.9955 0.8163 0.1067 0.4713 0.5907 0.5319
0.8865 0.9437 0.0713 0.5033 0.6344 0.5454
0.2250 0.5038 0.6164 0.5340
0.5327 0.6608 0.5501
0.7514 0.6905

Ti-6Cu

Ti-NF

24 hrs
48 hrs
Suspension Tio4 Ti64-3Cu | Ti64-6Cu | Ti64-NF | Ti64-NFCu cpTi Ti-3Cu Ti-6Cu Ti-NF Ti-NFCu
Suspension 0.1210
Ti64 0.1157 0.0790 0.0588 0.0166 0.0225
Ti64-3Cu 0.2837 0.4705 0.8135 0.6628 0.9596 0.1750 0.0864 0.6316 0.0201
Ti64-6Cu 0.3450 0.3959 0.8794 0.8346 0.6859 0.0505 0.0201 0.7869
Ti64-NF 0.0398 0.1098 0.1023 0.2909 0.8779
Ti64-NFCu 0.0155 0.0169 0.0160 0.0156 0.5173
cpTi 0.1737 0.7825 0.6882 0.5888 0.1426 0.2840
Ti-3Cu 0.2023 0.3237 0.8547 0.7223 0.0153 0.7424 0.2311
Ti-6Cu 0.5553 0.5751 0.8343 0.9082 0.3175 0.1293 0.6651 0.7560 0.0369
Ti-NF 0.0305 0.0758 0.0728 0.2985 0.0871 0.1979
Ti-NFCu 0.0941 0.1122
24 hrs

Figure 6.12: p-value matrices for Ti-based alloys against various bacterial strains (
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48 hrs
Suspension Ti64 Ti64-3Cu | Ti64-6Cu Ti64-NF | Ti64-NFCu cpTi Ti-3Cu Ti-6Cu Ti-NF Ti-NFCu
Suspension 0.5642 0.0177 0.0218 0.0470
Ti64 0.3801 0.2706 0.2114 0.2537 0.1863 0.2798 0.2378 0.2480 0.2953 0.2252
Ti64-3Cu 0.6756 0.7699 0.0291 0.5290 0.7675 0.2981 0.4967 0.6858 0.4015
Ti64-6Cu 0.0835 0.5221 0.3727 0.0508 0.0633 0.2949 0.1981 0.1540 0.8068
Ti64-NF 0.0349 0.1729 0.1459 0.3562 0.3443 0.5495 0.8333 0.4716 0.5565
Ti64-NFCu 0.0240 0.0456 0.0528 0.4998 0.0438 0.0358 0.0802 0.4280
cpTi 0.0571 0.0730 0.1308 0.7667 0.5495 0.1970 0.3551 0.8117 0.3325
Ti-3Cu 0.7467 0.8564 0.9750 0.5702 0.2908 0.1580 0.2132 0.7611 0.3291 0.7790
Ti-6Cu 0.0169 0.1980 0.1712 0.4371 0.7838 0.2258 0.4762 0.3446 0.4299 0.6492
Ti-NF 0.2191 0.9043 0.7949 0.2863 0.1030 0.8927 0.0619 0.3264
Ti-NFCu 0.1360 0.4723 0.3624 0.8420 0.5357 0.2120 0.3371 0.5133 0.6655 0.3375
24 hrs
48 hrs
Suspension Ti64-3Cu | Ti64-6Cu Ti64-NF | Ti64-NFCu cpTi Ti-3Cu Ti-6Cu Ti-NF Ti-NFCu
Suspension 0.5357 0.6722 0.6641 0.4182 0.2005

Figure 6.12: p-value matrices for Ti-based alloys against various bacterial strains (
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Ti64 08331
Ti64-3Cu 0.8700 0.9895 03710 |
Ti64-6Cu 0.3268 0.2691 03078 | 04710 | 0.9256 0.2666
Ti64-NF 0.8251 0.6995 0.7376 0.4657 0.0327 0.2623
Ti64-NFCu 0.5896 0.7180 0.7406 0.2036 0.5156 0.2855 0.1445 0.4356
cpTi 0.8778 0.9254 0.9522 0.2674 0.7249 0.6367
Ti-3Cu 0.7396 0.6238 0.6662 0.5310 0.9168 0.4605
Ti-6Cu 0.9184 0.9129 0.9373 0.2973 0.7627 0.6489
Ti-NF 0.4976 0.4355 0.4562 0.9054 0.6121 0.3421
Ti-NFCu 0.6419 0.5382 0.5822 0.6086 0.8194 0.3992

24 hrs

= significantly; B highly significantly) (cont.)
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48 hrs

Suspension |  Ti64 Ti64-3Cu | Ti64-6Cu | Ti64-NF | Ti64-NFCu | cpTi Ti-3Cu | Ti-6Cu Ti-NF Ti-NFCu

0.2506 0.0230 | 0.9021 0.6165 0.6576 0.0486
Ti64 0.1526 | 0.9363 0.9293 0.2920 0.0295
Ti64-3Cu 0.2025 0.8435 0.7703 0.7454 0.1895 0.0161

Ti64-6Cu
Ti64-NF
Ti64-NFCu
cpTi 0.2346 0.2032 0.1801 0.1789 0.6146 0.2059

Ti-3Cu 0.4317
Ti-6Cu 0.7229
Ti-NF 0.1874

Ti-NFCu 0.0565
24 hrs

0.2862 0.1688 0.5557 0.3383 0.0326
0.3453 0.9305 0.9471 0.3502
0.4587 0.2126 0.0200
0.6093 0.0776 0.0179
0.7981 0.2635

Suspension Ti64 Ti64-3Cu Ti64-6Cu | Ti64-NF | Ti64-NFCu cpTi Ti-3Cu Ti-6Cu Ti-NF Ti-NFCu

Suspension

Ti64
Ti64-3Cu
Ti64-6Cu
Ti64-NF
Ti64-NFCu

cpTi 0.3151 0.1824 0.3630 0.2112 0.0796
Ti-3Cu 0.6901 0.8345 0.3632 0.4865 0.9819 0.6414
Ti-6Cu 0.1579 0.3555

Ti-NF
Ti-NFCu

0.8102
0.2475

24 hrs
Figure 6.12: p-value matrices for Ti-based alloys against various bacterial strains ( ™= significantly; M= highly significantly) (cont.)
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The CFUs of S. aureus ATCC 25923 enumerated from Ti64-xCu (x =0, 3, 6 wt.%) and NF-coated
Ti64 samples did not illustrate a significant (»p > 0.05, Figure 6.12) change after 24 and 48 hrs
when compared to the bacterial suspension and when compared amongst the samples. The cpTi
control sample, Ti-3Cu, and Ti-NF did not show a significant (p > 0.05) difference in S. aureus
ATCC 25923 counts after 24 and 48 hrs when compared to the bacterial suspension or to each
other. Ti-6Cu significantly (p = 0.0479) promoted bacterial growth after 24 hrs compared to the
bacterial suspension and did not differ significantly (p > 0.05) from cpTi or Ti-3Cu. Ti-NFCu
highly significantly (p < 0.01) inhibited the growth of CFUs when compared to the bacterial
suspension (p = 0.0003) and to all other samples, including the control sample cpTi (p = 0.00005)
and Ti-NF (p = 0.0046). Overall, the counts of all the samples after 48 hrs against S. aureus ATCC
25923 did not show significance (p > 0.05, Figure 6.12).

For S. aureus ATCC 43300, the Cu-alloyed samples of Ti64 and cpTi did not show significant (p
> (.05, Figure 6.12) changes in bacterial growth after 24 hrs. A reduction in CFU growth was
observed for all coated samples with significance (Ti64-NF (p = 0.0398) and Ti-NF (p = 0.0305))
and with high significance for those containing CuO NPs (Ti64-NFCu (p = 0.0089) and Ti-NFCu
(p = 0.0080)) in comparison with the bacterial suspension after the 24-hr incubation period.
Furthermore, Ti64-NFCu showed a highly significant (p = 0.000003) decrease in the growth of S.
aureus ATCC 43300 when compared to the control Ti64 sample and significantly (p = 0.0160)
retarded growth more than Ti64-NF. Likewise, Ti-NFCu displayed a highly significant decrease
in cell growth compared to the control cpTi sample (p = 0.0051) and Ti-NF (p = 0.0063).
Therefore, the decrease in the growth of S. aureus ATCC 43300 after 24 hrs may be attributed to
CuO in the NFs. After 48 hrs, highly significant decrease in S. aureus ATCC 43300 cell growth
was observed for all specimens — except for Ti64 — of Ti64-3Cu (p = 0.0100), Ti64-6Cu (p =
0.0047), Ti64-NF (p = 0.0017), Ti64-NFCu (p = 0.00001), cpTi (p = 0.0006), Ti-3Cu (p =
0.00004), Ti-6Cu (p = 0.00002), Ti-NF (p =0.0019) and Ti-NFCu (p = 0.000005) when compared
to the bacterial suspension. The counts for the Ti64 control did not differ significantly (p =0.1210)
from those in the suspension. In addition, the colony counts, compared with the cpTi control,
showed a highly significant decrease for Ti-3Cu (p = 0.0124) and Ti-6Cu (p = 0.0010). Therefore,
it may be postulated that the Cu content of these alloyed samples showed inhibited growth of S.
aureus ATCC 43300 after 48 hrs. Likewise and similar to the 24 hrs period, CuO in the NFs at 48
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hrs exhibited antimicrobial activity against S. aureus ATCC 43300 as evidenced by counts for
Ti64-NFCu that had highly significantly (p = 0.00001) decreased below those of the suspension,
Ti64 control and Ti64-NF, and the counts for Ti-NFCu has also highly significantly decreased
further than those of the suspension (p = 0.000005), cpTi control (»p = 0.0001) and Ti-NF (p =
0.0002) after 48 hrs. The antibacterial effect of Cu/CuO particles against S. aureus ATCC 43300

was more prominent at the 48-hr incubation period.

Staphylococcus epidermidis produced insignificant (p > 0.05, Figure 6.12) differences in the
counts for Ti64-xCu (x = 0, 3, 6 wt.%), Ti-3Cu, Ti-NF and Ti-NFCu when compared to the
bacterial suspension after 24 hrs. A significant decrease in CFUs for Ti64-NF (p = 0.0349) and Ti-
6Cu (p =0.0169), and highly significantly decreased counts for Ti64-NFCu (p = 0.0003) and cpTi
(p = 0.0009) were evident in comparison with the bacterial suspension after 24 hrs For the coated
Ti64 samples, the decrease in cell growth may be attributed to the CuO particles, as the control
sample did not show a significant (p = 0.3801) difference in cell count compared to the suspension.
The Ti64-NFCu had significantly (p = 0.0240) lower counts than the control, whereas the Ti64-
NF did not (p = 0.1729). After 48 hrs, Ti64 (p = 0.5642) did not demonstrate a significant
difference in the number of CFUs, while Ti64-3Cu (p = 0.0177) showed a significant decrease.
Ti64-6Cu (p = 0.0040), Ti64-NF (p = 0.0117) and Ti64-NFCu (p = 0.0021) showed a highly
significant reduction in cell growth in comparison to the suspension, and the decrease was highly
significant (p = 0.0100) for Ti64-NFCu than for Ti64-NF (Figure 6.12). Hence, for the Ti64 and
similar to the 24-hr incubation period, bactericidal effect against S. epidermidis after 48 hrs was
ascribed to the Cu/CuO particles. The same could not be said for the cpTi samples, as the control
cpTi exhibited a highly significant decrease in counts after 24 hrs (p = 0.0009) and a significant
decrease after 48 hrs (p = 0.0218). Moreover, a significant difference in CFUs was not established
between the control and test samples after 24 hrs (Ti-3Cu (p = 0.2132), Ti-6Cu (p = 0.4762) and
Ti-NFCu (p = 0.3371)) and after 48 hrs (Ti-3Cu (p = 0.1970), Ti-6Cu (p = 0.3551) and Ti-NFCu
(p = 0.3325). Thus, growth inhibition of S. epidermidis was not observed for any Cu/CuO content
in the cpTi samples after 24 or 48 hrs.

None of the specimens displayed significant (p > 0.05, Figure 6.12) antibacterial activity against

E. coli after 24 hrs, compared to the bacterial suspension or among the samples. Instead, a highly
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significant increase in cell growth was observed after 48 hrs for Ti64 (p = 0.0008) and Ti64-3Cu
(»p = 0.0116) samples compared to the suspension. Only Ti-6Cu showed significant (p = 0.0247)
growth inhibition of E. coli after 48 hrs, which may be attributed to the presence of Cu. For K.
pneumoniae, only Ti-NFCu showed a significant (p = 0.0312) decrease in cell count after 24 hrs,
but it also significantly (p = 0.0486) promoted growth of the bacterium after 48 hrs. The remaining
specimens did not exhibit a significant (p > 0.05, Figure 6.12) effect on K. pneumoniae cell counts
compared with the bacterial suspension or with the samples after 24 hrs. After 48 hrs, the Ti64
specimens displayed antimicrobial activity against K. pneumoniae related to the Cu/CuO particles.
Ti64, Ti64-3Cu, and Ti64-NF did not significantly affect bacterial counts in the suspension at p =
0.3698, 0.2506, and p = 0.4891, respectively. However, Ti64-6Cu (p = 0.0020) and Ti64-NFCu (p
= 0.0004) showed highly significant reductions in bacterial counts. The control sample cpTi
promoted a significant (»p = 0.0230) reduction in the suspended cells, and Ti-xCu samples (x = 3,
6 wt.%) did not show significance (p > 0.05, Figure 6.12) after 48 hrs. Thus, any change in the cell
counts could not be associated with the Cu/CuO content for these samples. Notably, as with the
suspension, the significance/high significance designated in Figure 6.12 for the K. pneumoniae
counts of Ti-NFCu is an increase when compared to all the specimens except Ti-3Cu (p = 0.2635)
and Ti-NF (p = 0.0776). This suggests that K. pneumoniae had an affinity for growing in the
presence of Ti-NFCu discs. For P. aeruginosa, only Ti-6Cu displayed a significant (p = 0.0325)
decrease in cell growth post 24 hrs, and the decrease was by one order of magnitude from 1.37 x
10° + 8.83 x 10® CFU/ml in the bacterial suspension to 1.19 x 10® + 5.14 x 10’7 CFU/ml after
incubation on Ti-6Cu. Biofilm formation by the bacterial suspension in the relevant wells
prevented the enumeration of P. aeruginosa after 48 hrs. The viscosity of the suspension, due to

the biofilm, impeded the extraction of the required volume for enumeration.

Overall, specimens produced using cpTi exhibited better antimicrobial activity than those
manufactured using Ti6Al4V ELI, such that the control sample Ti64 did not greatly reduce counts
of any of the examined bacterial strains and instead promoted the growth of E. coli cells. In
contrast, the cpTi control did not promote cell growth in any strain and decreased the growth of
some strains. Therefore, it may be postulated that the components of Ti64 may enhance bacterial
growth. The study of Wang et al. (2020) showed that a low level of vanadium could promote

bacterial growth, and high microbial diversity and richness were found in samples with a moderate
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vanadium level. The samples coated with PCL/PU/CuO NFs appeared to exhibit more efficient
antibacterial properties than those alloyed with Cu particles during LPBF for both cpTi and Ti64
test samples. Staphylococcus aureus ATCC 25923 is a well-known antibiotic-susceptible strain
and referred to as a methicillin-susceptible S. aureus (MSSA) strain, while S. aureus ATCC 43300
is a well-known antibiotic-resistant strain and referred to as a methicillin-resistant S. aureus
(MRSA) strain (Zhao, et al., 2023). This was also observed in the agar diffusion assay, in which
S. aureus ATCC 25923 showed the highest susceptibility to erythromycin and S. aureus ATCC
43300 showed resistance. However, the findings of the plate count method revealed S.
aureus ATCC 25923 as the resistant strain and S. aureus ATCC 43300 as the susceptible strain to

metal/metal oxide-based antibacterial agents.

Numerous studies have successfully used the plate count method to demonstrate the antimicrobial
properties of Cu/CuO particles alloyed with Ti and Ti64, as well as those alloyed with a polymer
matrix. The plate count method of Zhang et al. (2013) using a Ti—10 wt.% Cu alloy demonstrated
strong antibacterial activity, with antibacterial rates above 99% against both S. aureus and E. coli
after 24 hrs. According to the authors, their results indicated that only the bacteria in direct contact
with the Ti—Cu alloy were killed. Zhu et al. (2012) showed that the antimicrobial activity of Cu
increased with increasing Cu content and incubation duration. In addition, it has been reported that
the antibacterial properties of a liquid containing Cu ions are related to the Cu?" concentration and
the initial bacteria concentration (Zhang, et al., 2013). Likewise, Ju et al. (2023) fabricated a series
of novel Ti-6Al1-4V-xCu (x = 3, 5, 8, 10 wt.%) using LPBF and evaluated their antibacterial
properties against E. coli and S. aureus using the plate count method. Their results also showed
that the number of colonies decreased with increasing Cu content. Several researchers observed a
similar tendency of increasing bactericidal effect with increasing Cu concentrations alloyed with
Ti64 (Ren, et al., 2014; Guo, et al., 2017; Li, et al., 2025) and cpTi (Shirai, et al., 2009; Zhang,
et al., 2016; Liang, et al., 2025). Conversely, Fowler et al. (2019) demonstrated that an increase in
Cu ion concentration does not guarantee improved antibacterial activity. In support of this, Xin et
al. (2022) and Li et al. (2024) illustrated a nonlinear relationship between %Cu and %antibacterial

rate of Ti-Cu and Ti64-Cu samples, respectively.
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Krakhmalev et al. (2017) manufactured Ti6Al4V (ELI)-1 at.% Cu material by LPBF and
investigated its bactericidal impact against E. coli and S. aureus ATCC 25923 after 24 hrs of
exposure. The Ti6Al4V discs alloyed with pure Cu resulted in a one order of magnitude decrease
in growth of Gram-negative E. coli (from 1.48 x 10° to 1.27 x 103 CFU/ml) and a two order of
magnitude decrease in growth of Gram-positive S. aureus (from 8.46 x 10% to 1.22 x 105 CFU/ml).
Ghasemian Lemraski et al. (2021) also observed that Gram-positive bacteria were more sensitive
compared to Gram-negative bacteria when exposed to an electrospun polymer composite
impregnated with Cu NPs. Similarly, in this study, Gram-positive S. aureus ATCC 43300 and S.
epidermidis were more susceptible to the antibacterial activity of the Cu/CuO particles than the
Gram-negative E. coli, K. pneumoniae, and P. aeruginosa. Moreover, the test specimens appeared
to promote the growth of Gram-negative strains, as observed with E. coli and K. pneumoniae. The
basic differences in cell wall structure between Gram-negative and Gram-positive bacteria may be
the likely reason for the Gram-positive bacteria being more susceptible to destruction by Cu ions
than Gram-negative bacteria. Copper is able to cause reactive oxygen species (ROS) production
to increase to a level that is toxic to the cell, and may disrupt the cell membrane and cause cell
death (Jin, et al., 2015; Ghasemian Lemraski, et al., 2021). Copper also has the ability to induce
cytoplasmic leakage by interacting with the bacterial outer membrane, causing the membrane to

rupture and damaging the DNA stem (Ghasemian Lemraski, et al., 2021; Mahmoudi, et al., 2022).

Copper alloys are efficient in rapidly eliminating bacteria on contact (Zhu, et al., 2012), and the

inactivation is enhanced by low moisture conditions, minimal media and high Cu corrosion rates.

Living organisms, including bacteria, require Cu as an essential micronutrient at low

concentrations; however, at high concentrations, Cu can inhibit cell growth or even cause cell

death (Zhang, et al., 2013). Nonetheless, different bacterial strains exhibit different sensitivity
towards Cu (Manakhov, et al., 2021). Bacteria have numerous defence mechanisms against the

toxic effects of Cu ions, namely (Ryan, et al., 2001; Manakhov, et al., 2021):

» the relative impermeability of the outer and inner cell membranes (sequestration), which
restricts intake of Cu into the cell, and of the inner bacterial membranes to Cu ions (intracellular
sequestration);

» efflux pumps that allow the microorganisms to regulate their internal environment by removing

toxic substances, including antimicrobial agents, and are intrinsic to Gram-negative bacteria;
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» absorption of Cu by metallothionein-like proteins in the cytoplasm and periplasm;

» precipitation as copper sulphide (CuS);

» extracellular complexation; and

» the minimum inhibitory concentration (MIC) of the bacterium to copper ions may be higher
than the Cu®" concentration released from materials, and thus the Cu?* leached from the alloys
and polymer layers were insignificant in inducing the antibacterial effects against the bacterial

strains.

Liu et al. (2020) demonstrated that surface treatment of Ti, such as sandblasting and acid etching
(SLA), facilitated the sustained release of Cu ions, thereby enhancing the bone integration and
antibacterial properties of the Ti—Cu alloy. The experiments by Hu et al. (2020) demonstrated that
ultrasonic micro-arc oxidation treatment could significantly improve the antibacterial activity of
Ti-3 wt.% Cu alloy by approximately 2040 % against S. aureus and attributed it to the formation
of Cu20 and CuO. Heat treatment (such as annealing and ageing) has a strong correlation with the
microstructure of the Ti/Ti64-Cu alloy, and Ti>Cu precipitates resultant from the treatment have
been found to influence the antibacterial properties (Ng, et al., 2015; Wu, et al., 2020). Wu et al.
(2020 subjected a Ti-5 wt.% Cu alloy to various heat treatments and observed fewer E. coli
colonies with increasing ageing time. The ageing method with the most extended period and
highest temperature (850 °C for 1 hr followed by 700 °C for 4 hrs) had the highest antibacterial rate
0f 99.9%. Zhang et al. (2016) employed Ti-xCu (x = 5, 10 wt.%) and S. aureus to illustrate that
heat treatment had a greater influence on antimicrobial rate than the Cu concentration. Xin et al.
(2022)’s results proved that the Ti>Cu phase was able to improve the antibacterial properties of Ti-
Cu alloys. The Cu®"ion release rate inlamellar Ti,Cu was 55% higher than that of
granular Ti;Cu, and the antibacterial effect of the needle-like phase was twice that of the fine

phase.

In vivo research has been conducted to investigate the antibacterial capacity of Ti—Cu implant
material. Wang et al. (2019) conducted an antibacterial experiment against S. aureus for Ti—
10 wt.% Cu sintered alloy using rabbits and displayed strong in vivo antibacterial properties of the
Ti—10Cu and also showed that prolonged exposure increased the antimicrobial effect as numerous

colonies were found in the cpTi group at all intervals (which were 1, 4, 7 and 14 days), fewer
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bacteria colonies cultivated in the Ti—Cu group after 14 days postimplantation and no bacteria
colonies were found after 7 days postimplantation. The in vivo study of Shirai et al. (2009) using
a rabbit model showed that the Ti-1% Cu alloy significantly (p < 0.05) inhibited inflammation and

infection.

Titanium and its alloys are well known for their biocompatibility, and the race-to-surface concept
between bacterial and human cells is a leading motive for antibacterial investigation of implant
surfaces (Mahmoudi, et al., 2022). As such, it is noteworthy that some enumerations from the
control and test samples of this study were higher than those of the bacterial suspension at each
incubation period. Approximately 35% and 12% of the CFU/ml at 24 hrs and 48 hrs, respectively,
were higher than those in the incubated bacterial suspension, attesting to the biocompatible nature

of Ti surfaces and electrospun NFs.

6.3.3. Cell culture

The intimate relationship between living tissue and the Ti surface ensures a high degree of
implantation stability (Rampurawala & Patil, 2021). Due to the difficulty of accessing primary
cells, cell lines are often used in cell culture research (Jang, et al., 2022). The cell lines used for
the present research are murine myoblast cell lineage (C2C12) and MD Anderson-Metastatic
Breast Cancer-231 (MDA-MB-231). The C2C12 is an immortalised mouse skeletal myoblast cell
line (Jang, et al., 2022; Katayama, et al., 2023). C2C12 cells are commonly used as a model for
studying skeletal muscle differentiation because they may be utilised to recognise cellular state
during differentiation and investigate the metabolism of muscle cells (Niioka, et al., 2018; Jang, et
al., 2022; Katayama, et al., 2023). They have also been shown to have capabilities in osteogenesis
(formation of bone) and adipogenesis (formation of fat cells) by specific stimuli (Liu, et al., 2011;
Katayama, et al., 2023). Osteogenesis on titanium surfaces is a prerequisite for osseointegration
(Al Mustafa, et al., 2015). The C2C12 cell line can change its phenotype during differentiation
from a globular shape to elongated tubular shape, or spindle-like shape, as the cells adhere to the
substrate surface, followed by fusion of the mononucleated myoblast cells to become
multinucleated myotubes and ultimately resulting in the formation of myofibers (muscle fibres)
(Niioka, et al., 2018; Jang, et al., 2022). In favourable conditions, the myogenic differentiation
period has been proven to take place within 5 days (Jang, et al., 2022; Katayama, et al., 2023).

292

© Central University of Technology, Free State



O

Central University of
Technology, Free State

The MDA-MB-231 cells are epithelial, human breast cancer cells and are one of the highly
invasive, aggressive, poorly differentiated, and metastatic human breast carcinoma cell lines (Lin,
et al., 2011; Xu, et al., 2014; Khan, et al., 2023; Culture Collections, 2025). In addition, MDA-
MB-231 cells are one of the most commonly used breast cancer cell lines in research laboratories
(Culture Collections, 2025). MDA-MB-231 cell line represents a typical triple negative breast
cancer that lacks estrogen receptor, progesterone receptor and human epidermal growth factor
receptor 2 (HER2) protein expression, and is known to undergo epithelial-to-mesenchymal

transition (EMT) (Guo, et al., 2013; Wei, et al., 2018).

The SEM and live/dead fluorescence images were used to assess cell attachment and
biocompatibility of the test samples (Table 6.1) using the C2C12 and MDA-MB-231 cell lines at
24 hrs and 5 days post-seeding. The SEM images were captured as a montage on each sample disc.
Each montage consisted of 2 rows of 26 images per row, captured from one side to the other of
each disc, and was captured at approximately the same location on each sample disc. The montage

images were stitched together as shown in Figure 6.13.
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(ii)

Figure 6.13: Illustration of montages of SEM images collected from (i) an uncoated and (ii) a

coated sample disc

For fluorescence imaging, the ReadyProbes® Cell Viability Imaging Kit (Blue/Green) was used
to assess cell viability. NucBlue® Live reagent stains the nuclei of all cells and emits blue
fluorescence. Hoechst 33342 dye in NucBlue® Live reagent binds to the minor groove of the DNA
double helix, specifically in regions rich in adenine and thymine (AT-rich) regions. NucGreen®
Dead reagent stains only the nuclei of dead cells with compromised plasma membranes and emits
green fluorescence (Modica-Napolitano, et al., 2019; Kaczmarek, et al., 2025). From each well of
the 24-well plate, a series of images was taken at 10x magnification on the EVOS system using
the DAPI, GFP and TRANS (transmitted light or brightfield) channels. The images were
stitched together to create a single merged image. Figure 6.14 instantiates the images of single

wells, each composed of a tiled composite of 220 individual fields of view.
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Figure 6.14: Illustration of stitched EVOS images collected from a single well containing (i) a

bare, and (ii) a NF-coated specimen

Representative SEM micrographs and individual tiles were selected from the montages and the

stitched EVOS images and are presented in
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Figure 6.16: Fluorescence images (10x magnification) and SEM micrographs (scale = 50 um) for cell viabili

Ti64-NFCu
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Figure 6.16: Fluorescence images (10x magnification) and SEM micrographs (scale = 50 um) for cell viabili

(cont.)
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Figure 6.16: Fluorescence images (10x magnification) and SEM micrographs (scale = 50 um) for
cell viability of MDA-MB-231 cells (cont.) and Error! Reference source not found. for the
C2C12 and MDA-MB-231, respectively. Each individual tile consisted of an overlay of images
attained from the DAPI (blue fluorescence), GFP (green fluorescence) and TRANS channels.
Consequently, the green fluorescence represented the dead cells and the remaining blue

fluorescence represented the live cells.
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Figure 6.15: Fluorescence images (10x magnification) and SEM micrographs (scale = 50 um) for cell viability of C2C12 cells
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Figure 6.15: Fluorescence images (10x magnification) and SEM micrographs (scale = 50 pm) for cell viability of C2C12 cells (cont.)
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Figure 6.15: Fluorescence images (10x magnification) and SEM micrographs (scale = 50 pm) for cell viability of C2C12
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Figure 6.16: Fluorescence images (10x magnification) and SEM micrographs (scale = 50 um) for cell viability of MDA-MB-231 cells
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Figure 6.16: Fluorescence images (10% magnification) and SEM micrographs (scale = 50 um) for cell viability of MDA-MB-231 cells

(cont.)
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Figure 6.16: Fluorescence images (10x magnification) and SEM micrographs (scale = 50 um) for cell viability of MDA-MB-231 cells

(cont.)
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For some NF coatings, images illustrating the required blue/green fluorescence could not be

obtained, and the images appeared to show overexposure to light(
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Figure 6.16: Fluorescence images (10x magnification) and SEM micrographs (scale = 50 um) for cell viabili

Ti64-NFCu
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Figure 6.16: Fluorescence images (10x magnification) and SEM micrographs (scale = 50 um) for cell viabili

(cont.)
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Figure 6.16: Fluorescence images (10x magnification) and SEM micrographs (scale = 50 um) for
cell viability of MDA-MB-231 cells (cont.) and Error! Reference source not found.). This may
be attributed to the use of wide-field fluorescence microscopy with multiple fluorescence planes.
Wide-field fluorescence microscopy may be affected by background fluorescence due to the non-
localised excitation and light-scattering-induced crosstalk. The background leads to poor contrast

and the loss of optical sectioning capability required for multi-plane imaging (Shi, et al., 2019).

For the C2C12, the SEM and fluorescence images for the control sample Ti64 were similar at 24
hrs and 5 days of culture, with minimal cell adhesion (especially after 5 days) observed in the SEM
images, and the fluorescence images showed live cells predominated over dead cells in both
periods. These observations support the known properties of Ti surfaces of biocompatibility
(dominance of live cells) and bioinertness (poor cell adhesion). Liu et al. (2011) showed that
C2C12 cells readily attached to and proliferated on Ti6Al4V substrates, becoming confluent by
day 4 of culture. For this study, the fluorescence images of Ti64-xCu (x = 0, 3, 6 wt.%) were
similar at the 24-hr culture period, with more blue than green fluorescence, indicating more live
cells than dead. At the 24-hr incubation period and for Ti64-3Cu and Ti64-6Cu, SEM showed that
C2C12 myoblasts had attached onto the solid surface and metal powder particles, and adopted a
flat spindle shape, particularly for Ti64-3Cu, evidencing the likely formation of the extracellular
matrix (ECM) and resulting in cell adhesion (Feller, et al., 2015). The elongated shapes were not
apparent on the surface of Ti64-6Cu; instead, the myoblasts present retained their globular shape.
A sheet-like membrane layer had formed on the Ti64-3Cu and Ti64-6Cu surfaces, covering the
entire solidified surface. This membrane appeared denser after 5 days of culture, and on the Ti64-
6Cu, with some cracks in the layer covering it. The fluorescence images after 5 days showed a
green fog over the surfaces of Ti64-3Cu and T164-6Cu, with evenly distributed blue-stained nuclei.
This phenomenon was not observed in the control sample and may therefore be attributed to Cu?*

ion-induced cell toxicity after 5 days.

The control sample cpTi showed strong C2C12 cell colonisation, as shown in the SEM in
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Figure 6.16: Fluorescence images (10x magnification) and SEM micrographs (scale = 50 um) for cell viabili

Ti64-NFCu
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Figure 6.16: Fluorescence images (10x magnification) and SEM micrographs (scale = 50 um) for cell viabili

(cont.)
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Figure 6.16: Fluorescence images (10x magnification) and SEM micrographs (scale = 50 um) for
cell viability of MDA-MB-231 cells (cont.). After 24 hr, mononucleated myoblast adhesion and
subsequent likely ECM formation were evident, as well as possible differentiation and
proliferation of myoblasts. Cell viability is also demonstrated by the dominant blue fluorescence.
After 5 days, the cpTi surfaces appeared almost completely colonised by adherent, differentiated
C2C12 myoblasts. The differentiation rate may have been so rapid that the large volume of cells
was competing for space, leading to cell death as seen in the fluorescence image. Civantos et al.
(2020) observed that C2C12 cells attached to cpTi substrates within 24 hrs, and cell density
increased over time, up to 72 hrs. During this study, the SEM of Ti-3Cu after 24 hrs showed some
myoblast adhesion, but mostly exhibited coverage by the sheet of membrane, and the fluorescence
micrographs showed a green fluorescence hue consistent with the membrane orientation. After 5
days, the myoblasts had adhered and differentiated onto the membrane covering the Ti-3Cu
surface. Clear cell-to-cell connections were visible with the formation of flat, widely spread
myoblasts. The fluorescence image also showed blue cell nuclei illuminated on a green
background. For the Ti-6Cu, cell adhesion had been initiated, and differentiation was observed
within 24 hrs of culture, as shown in the SEM image and supported by the blue nuclear coverage
of the surface. After 5 days, however, green fluorescence dominated, and the SEM revealed the
formation of a membrane sheet with cracks and a large mass of cells, which may be presumed
dead due to the extensive green fluorescence. Therefore, similar to the Ti64 specimens, the Cu

content of the alloyed cpTi may be attributed to the cytotoxicity of the C2C12 cell.

Viewing SEM micrographs of the coated samples, after 24 hrs of culture, myoblasts had colonised
the surfaces of the NF-coated samples. On the surfaces of Ti64-NF, Ti-NF and Ti-NFCu after 24
hrs, initiation of cell adhesion was visible. In contrast, numerous adherent cells exhibited a spindle-
shaped morphology, which is characteristic of mononucleated myoblasts and indicative of stable
adhesion to the substrate (Jo, et al., 2020; Dos Santos, et al., 2023). The myoblasts had elongated
and established links with the NFs. A high cell density could be observed on Ti64-NFCu at 24 hrs
and 5 days post-seeding, with the development of a membrane layer that covered a large portion
of the NF scaffold after 24 hrs and at the 5-day incubation period, multiple layers of myoblasts,
some seemingly differentiated, had formed, such that the NFs were fully colonised and not visible.

The C2C12 cells on Ti64-NF and Ti-NF after 5 days displayed various morphologies. Some cells
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formed clusters of globular-shaped myoblasts in addition to those that had elongated and possibly
differentiated. These clusters seemed to have formed on elongated myoblasts and had initiated the
formation of additional layers of elongated myoblasts. This indicates that the NFs promoted cell
attachment, differentiation, and proliferation after 5 days of culture. The cell density and
phenotype on Ti-NFCu after 5 days were similar to those of Ti64-NFCu after 24 hrs, with the
formation of pseudopodia-like elongations along NFs orientation. Song et al. (2016) observed a
similar structure in C2C12 cells cultured on PCL-based NFs fabricated by electrospinning, with
typical myoblast-like cells. Some NFs in this study were found to protrude from beneath the NFs,
suggesting cell migration through the NF pores. Pacilio et al. (2023) fabricated poly(L-lactide-co-
E-caprolactone) (PLCL) NFs coated with morphogenesis. The authors cultured C2C12 cells on the
NFs and demonstrated the biocompatibility of the PLCL scaffold through cell viability,
proliferation, and morphogenesis. Furthermore, their study proved cell—cell adhesions amongst
myoblasts and myotube formation on the NFs. Jo et al. (2020) made similar observations after

culturing C2C12 myoblasts on PU-based NFs.

Common phenotypes of viable MDA-MB-231 cells include elongated, globular-shaped, spindle-
like, epithelial and stellate (primarily adopted during invasion) (Error! Reference source not
found.) (Ziperstein, et al., 2015; Franchi, et al., 2020). The Ti64-xCu (x = 0, 3, 6 wt.%) did not
exhibit these morphologies 24 hrs post-seeding. The control Ti64 sample displayed powdery
texture particles covering the surface, and the fluorescence image showed a distribution of green
masses and blue-stained nuclei. Basso et al. (2013) identified flake structures that detached from
the substrate as dead cells. The Ti64-3Cu and Ti64-6Cu SEM images showed the formation of a
membrane-like layer, as observed with C2C12, after 24 hrs. The fluorescence image showed
minimal live/dead staining for Ti64-3Cu and predominantly green illuminance. Low cell density
was visible on the Ti64 surface after 5 days, with cell migration and elongations into filopodia,
and the fluorescence showed widespread blue illumination and a few green spots. Conversely, the
Ti64-3Cu and Ti64-6Cu showed mostly green fluorescence across their surfaces, with Ti64-3Cu
showing more blue nuclei than Ti64-6Cu after 5 days of culture, while the membrane layer
covering the surfaces appeared in the SEM images without specific cell morphology. Thus, as with
the C2C12, apoptosis of MDA-MB-231 cells by Cu?* ions was conceivable for the LPBF Ti64-
3Cu and Ti64-6Cu specimens. Shirai et al. (2009) observed in vitro toxicity of the Ti-5%Cu alloy,
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and their in vivo model showed improved biocompatibility, with Ti-1%Cu alloy pins
demonstrating good osteoconductive properties. Conversely, the authors observed that osteoid
formation was diminished in the Ti-5% Cu alloy, and thus, bone conduction was not possible on

it.

At the 24-hr incubation period, the cpTi control and Ti-6Cu samples developed powdery textures
after seeding with MDA-MB-231 cells. At the same time, Ti-3Cu presented several globular cells
and a few stellate and spindle shapes with filopodia extensions. These morphologies seemed to be
covered with microvilli and some microvesicles. Blue fluorescence nuclei dominated the surfaces
of cpTi, Ti-3Cu and Ti-6Cu. Green fluorescence was barely visible on the cpTi and Ti-3Cu surface,
but was evident on Ti-6Cu. Thus, Cu content seems to affect cell viability after 24 hrs. Likewise,
after 5 days, green deposits were pronounced on Ti-3Cu and Ti-6Cu, appearing as a powdery
texture and a membrane-like sheet, respectively, in the SEM images. Blue nuclei were also
prominent after 5 days on Ti-3Cu and Ti-6Cu. The control surface was populated with blue-
illuminated spots after 5 days, while the green was sparse. The powdered texture was not observed

on cpTi. Cell viability was higher on the control than on the Cu alloy surfaces.

All NF-coated surfaces (Ti64-NF, Ti64-NFCu, Ti-NF, and Ti-NFCu) were densely populated by
MDA-MB-231 cells at both 24 hrs and 5 days post-seeding, with possible deposition of the ECM.
Although cell extensions such as filopodia may be challenging to distinguish from polymer fibres,
cell-to-NF and cell-to-cell connections were formed, resulting in multilayered cell structures after
24 hrs and 5 days. Ti64-NF after 24 hrs exhibited a lower cell density, with isolated globular,
elongated, and flat stellate phenotypes, and still retained the original NF matrix. Epithelial-like
cells or epithelial-mesenchymal transitioned cells were observed on the Ti64-NF after 5 days, and
appeared to be forming a membrane of flattened cells that had migrated through the NF openings.
MDA-MB-231 cells on Ti64-NFCu after 24 hrs and 5 days appeared flattened and well spread.
After 5 days, spherical, stellate and flattened polygonal phenotypes with lamellapodia and

filopodia were forming on the flat, spread-out cells.

The Ti-NF seemed to have created an evenly distributed monolayer of flattened cells onto which

round-to-flat changing cells had adhered after 24 hrs. After 5 days, the cell colonisation on the Ti-
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NF resembled that of Ti64-NF at 24 hrs. Ti-NFCu displayed a similar cell population at 24 hrs and
5 days, but with greater coverage after 5 days. As with the other surface, monolayer membrane
formation occurred, along with globular, spindle, elongated, and stellate phenotypes. The ability
of MDA-MB-231 cells to form various phenotypes with microvilli and microvesicle surface
features, and extensions, such as lamellipodia and filopodia, suggests that the substrate supported
cell adhesion and survival (that is, the Ti substrate was bioactive). Transmission electron
microscopy by Lin et al. (2003) revealed the presence of additional cytoplasmic organelles, such
as rough endoplasmic reticulum and mitochondria, in more flattened, well-spread cells. Moreover,
a rounded morphology had a smaller surface area and was more easily detachable from the
substratum than the flat, protracted morphology. A round morphology is typical of a suspension
phase (Cavo, et al., 2018). Balachander et al. (2015) reported cell spreading and increased cell
mass after culturing MDA-MB-231 cells on PCL. Similarly, Rabionet et al. (2017) and Sivakumar
et al. (2022) utilised DAPI/actin fluorescent staining and SEM to demonstrate that MDA-MB-231

cells adhered and proliferated on PCL matrices.

Overall, the topographical features of the control and in situ alloyed surfaces did not influence the
cellular response, as cell morphologies formed on the round partially melted particles and on the
solidified molten pool were similar. A linear relationship between cell viability and Cu
concentration was not established. The cpTi control promotes cell adhesion and seemingly
differentiation and proliferation better than the Ti64 control. This is also supported by the EDS
values (Table 6.3Table 6.4). The EDS mapping was conducted to indicate the presence of organic
biological matter and differentiate it from the metal surfaces and polymer composite components.
The EDS results showed that cpTi after 5 days contained sodium (Na) and phosphorus (P) — which
are elements found in the ECM (Soles, et al., 2023) — when cultured with C2C12 and contained
sodium when cultured with MDA-MB-231 after 24 hrs. These elements were not detected on the
Ti64 surface after seeding with C2C12 and MDA-MB-231 cells for 24 hrs and 5 days. The carbon
content detected on cpTi was notably higher than on Ti64 for C2C12 and MDA-MB-231 after 5
days and 24 hrs, respectively, and only slightly lower than on Ti64 after 24 hrs and 5 days,

respectively, indicating a higher content of organic matter on cpTi than on Ti64.
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24 hrs 5 days
Element Ti Al Cu C 0) Na P Ti Al Cu C 0) Na P
Ti64 71.7 | 3.1 14.5 | 10.7 779 | 34 104 | 83
Ti64-3Cu 548 | 3.6 | 13.5 | 159 | 123 683 | 2.8 47 | 152 | 9.0
Ti64-6Cu 49.7 | 23 | 13.6 | 23.0 | 11.4 55.7 | 2.6 9.6 | 199 | 123
Ti64-NF 0.3 70.6 | 29.1 0.4 70.6 | 29.0
Ti64-NFCu | 04 1.5 | 69.8 | 28.3 0.4 04 | 703 | 288 | 0.2
cpTi 81.7 11.3 | 7.0 39.5 41.2 | 18.8 | 0.1 0.3
Ti-3Cu 41.2 5.0 | 363 | 17.5 50.5 10.2 | 273 | 12.0
Ti-6Cu 57.2 11.5 | 204 | 10.8 51.1 55 1293 | 14.1
Ti-NF 71.4 | 28.6 0.2 71.0 | 28.7 | 0.1
Ti-NFCu 0.2 71.7 | 28.1 0.2 719 | 27.9
Table 6.4: EDS elemental mapping of samples seeded with MDA-MB-231 (in wt.%)

24 hrs 5 days
Element Ti Al Cu C (0) Na P Ti Al Cu C o) Na P
Ti64 64.5 | 2.7 18.5 | 14.3 71.6 | 2.9 15.1 | 104
Ti64-3Cu 74.8 | 3.3 9.0 6.5 6.4 69.1 95 | 145 | 6.9
Ti64-6Cu 423 | 1.7 6.3 | 30.8 | 19.0 564 | 25 | 13.6 | 19.1 | 8.5
Ti64-NF 0.5 71.9 | 27.6 0.3 71.3 | 28.4
Ti64-NFCu 26 | 69.5 | 27.9 0.3 26 | 688 | 28.1 | 0.2
cpTi 59.6 241 | 16.1 | 0.2 82.8 9.6 7.6
Ti-3Cu 65.1 7.6 | 17.5 | 9.8 50.4 6.0 | 27.6 | 16.1
Ti-6Cu 44.4 6.4 | 31.0 | 183 62.0 183 | 12.8 | 7.0
Ti-NF 0.1 719 | 279 | 0.1 0.2 72.5 | 27.3
Ti-NFCu 0.2 719 | 27.9 0.2 72.9 | 26.8
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From the SEM and fluorescence micrographs, it is evident that the NF-coated samples enhanced
cell motility more effectively than the bare control and Cu-alloyed samples. The EDS detected Na
on Ti64-NFCu cultured with C2C12 and MDA-MB-231 for 5 days and on Ti-NF after 5 days and
24 hrs, respectively. Sodium was not detected in any of the Cu-alloyed samples. From the SEM
micrographs and EDS values, it may be deduced that the NF-coated specimens promoted cell
bioactivity more efficiently than the bare Ti samples. Saito et al. (2014) seeded C2C12 cells with
cpTi for 3, 48, and 96 hrs and observed cell proliferation at all the time points, with the highest
proliferation at 96 hrs post-seeding. The authors also studied mineral induction for 5 days and
established that C2C12 cells differentiated into the osteoblast phenotype on cpTi discs, with a
calcium content of 0.13 mg/cm? at 12 days following mineral induction. Representative examples
of the EDS spectra for the elemental mapping are presented in Appendices B and C for C2C12 and
MDA-MB-231, respectively.

6.3.3.1. Resazurin assay

Figure 6.17 shows the RFU fold change values obtained from the resazurin assay to establish cell
viability. The %RFU values are shown in Appendix D. The values from the well containing only
the cell suspension were used as a reference and normalised to 1 (that is, 100% viability). The
results for the cpTi samples tested for viability with MDA-MB-231 at the 5-day interval are not
included due to experimental error. The resazurin results matched those of the cell culture and
showed that cpTi displayed an overall higher cell viability than Ti64, and the samples coated with

NFs exhibited an overall higher cell viability than the bare specimens.
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Figure 6.17: Relative fluorescence units for cell viability assay of (i) C2C12 (iii)) MDA-MB-231

cell lines (red dashed line is the reference line)

For C2C12, the Ti64-xCu (x =0, 3, 6 wt.%) samples showed a fold change below 1, with excessive
reduction at 48 hrs and 5 days. The Ti64-NF and Ti64-NFCu displayed lower fold changes at 24
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and 48 hrs, respectively, which increased at 5 days post-seeding in both samples. Decreased cell
viability was observed for Ti-3Cu and Ti-6Cu after 5 days of culture, whereas in Ti-NF and Ti-
NFCu, there was a fold change above 1 at all three incubation periods, although it decreased and
remained above 1 after 5 days. The fold changes of C2C12 cells were highest at 48 hrs for the
specimens of Ti-xCu (x = 0, 3, 6 wt.%), Ti-NF and Ti-NFCu. Similarly, the fold changes in the
MDA-MB-231 cells were highest and well above the reference level after 48 hrs of culture across
the board. MDA-MB-231 viability was critically lower after 5 days for the Ti64-xCu (x =0, 3, 6
wt.%) samples and was lower than that after 24 hrs. At the 5-day incubation period, the fold change
in MDA-MB-231 for Ti64-NF and Ti64-NFCu was below 1 but higher than at 24 hrs. No
correlation was observed between cell viability and Cu content in C2C12 and MDA-MB-231 cells.
Nevertheless, there seemed to be less cytotoxicity exhibited by the NFs when compared to the Cu-
alloyed Ti64 and cpTi specimens for both C2C12 and MDA-MB-231 after 5 days. Thus, it may
be postulated that the NFs promoted biocompatibility more effectively and had a better-controlled

Cu ion release rate at extended periods.

In the same manner that Cu is able to induce bacterial cell death through mechanisms of enhancing
ROS production and promoting cytoplasmic leakage, causing the cell membrane to rupture, it has
also been shown that Cu is capable of using these mechanisms to induce cellular and mitochondrial
toxicity of mammalian cells (Modica-Napolitano, et al., 2019). Liu et al. (2016) demonstrated that
Cu nanoclusters are capable of inducing cytotoxicity and apoptosis in C2C12 cells by generating
ROS. Ren et al. (2014) used a Cell Counting Kit-8 (CCK-8) to evaluate the cytotoxicity of the
alloy Ti6Al4V-3Cu against vigorously grown L929 cells and found no significant difference in
cell viability between Ti6Al4V and Ti6A14V-3Cu alloys during the tested periods of 2, 4 and 7
days. The cells exuded a normal and pleasant state in the extract of Ti6Al4V-3Cu alloy. Das et al.
(2018) investigated the cell viability of mouse fibroblast seed on PCL nanofibrous coating using

the resazurin assay and observed that cell viability increased with time.
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6.4. Summary

The current chapter presents an investigation which scrutinised the dual functionality of
functionalised Ti6Al14V ELI and cpTi samples. The samples had been previously functionalised
by alloying with Cu particles and electrospinning with PCL/PU and PCL/PU/CuO NFs to
introduce antibacterial properties and promote bioactivity without inducing cytotoxicity.
Antimicrobial analysis was conducted using the agar diffusion assay and the plate count method.
The agar diffusion assay did not show a bactericidal effect of the test specimen. However, the plate
count method showed a reduction in bacterial growth associated with Cu/Cuo content, particularly
against Gram-positive strains. Even among Gram-negative bacteria, the few instances of
antibacterial activity were related to a Cu/CuO-containing specimen. Thus, the antibacterial
property of Cu was demonstrated and was more pronounced in samples produced using cpTi than
in those produced using Ti64, and in NF-coated samples than in bare samples. The superior
functionality of NF-coated samples was also demonstrated during cell culture experiments.
Cytotoxicity of the C2C12 and MDA-MB-231 cells by the Cu-alloyed Ti64 and cpTi sample was
apparent. The NF-coated samples promoted adhesion, differentiation, and proliferation in C2C12
and MDA-MB-231 cells more efficiently and maintained cell viability over extended periods.
Coating Ti implant surfaces with NF impregnated with Cu/CuO antibacterial agent has proven to

be a viable option for attaining multifunctional biomedical implants.
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CHAPTER 7 CONCLUDING REMARKS AND RECOMMENDATIONS

7.1. Conclusion

Additive manufacturing (AM), or three-dimensional (3D) printing, technology has evolved over
the decades, and the application of AM techniques, such as laser powder bed fusion (LPBF),
continues to make great strides in various industries. In the medical sector, AM has multifaceted
contributions, including improving human life (of patients and medical practitioners) and
unburdening the economy and the environment. Research on the development of novel smart
materials with multiple functionalities is invaluable for sustaining the benefits of AM as the
industrial revolution advances. Titanium and its alloys are favoured biomaterials because of their
outstanding properties. However, complications related to metallic implants persist, with the
leading ones being infection and lack of implant stability. The nature of Ti, which lacks
antibacterial properties and is bioinert, does not contribute to alleviating implantation
complications and may even exacerbate them. Copper (Cu) is widely used for its antibacterial
properties, and polymer nanofibres (NFs) are promising as bioactive coatings for metal implants.
The current research aimed to improve the clinical functionality of Ti and its alloys, particularly

Ti6Al4V, manufactured via LPBF, by leveraging a synergy of technologies.

The LPBF EOSINT M 280 machinery and its operations were comprehensively described. The
employed powders, namely Ti6Al4V ELI (also referred to as Ti6Al4V or Ti64 in this chapter),
cpTi and Cu, were characterised and found to meet the morphological and elemental requirements
of LPBF. Ti6Al4V ELI and cpTi were in situ alloyed with 3 and 6 wt.% Cu. Through the process
of single track analysis, a series of hierarchical steps was followed to optimise the production of
Ti6Al4V-xCu and Ti-xCu (x = 3, 6 wt.%) and cpTi using LPBF. Optimisation commenced with
the analysis of the single track to optimise laser power and scanning speed. The double layers were
then studied to optimise the hatch distance. The three-dimensional (3D) samples were built, and
porosity and microstructure were inspected to determine the final optimal process parameters.
Therefore, it was illustrated that LPBF is proficient at manufacturing implant material from

elemental powders, in situ alloyed to produce a novel material.
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Characteristics and mechanical properties of the optimised alloy samples (that is, Ti6Al4V-xCu
and Ti-xCu (x = 3, 6 wt.%) and cpTi) were determined. The XRD patterns showed that the in situ
alloying with Cu particles was accomplished. Surface roughness testing indicated that Cu particles
increased the roughness of Ti6Al4V but decreased that of cpTi. Copper increased the
microhardness of Ti6Al4V and cpTi. The tensile test demonstrated that the addition of Cu
increased the strength and retained elastic modulus, and decreased the ductility (% elongation) of
Ti6Al4V and cpTi. Fractography results implied possible improved ductility with additional Cu.
The literature proposed heat treatment as a strategy to improve the mechanical behaviour of

specimens.

Three-dimensional samples of Ti6Al4V-xCu and Ti-xCu (x = 3, 6 wt.%) and cpTi were produced
from these powder compositions using the optimised parameters. Ti6Al4V ELI samples were
manufactured using previously optimised parameters. To coat the surfaces of as-built Ti6Al4V
and cpTi with polymer NFs, the electrospinning technology was employed. Various polymer
composites and adhesives were explored by testing primarily the adhesion strength of the NF
scaffold to the Ti surface to establish the most suitable polymer composition. The compositions
that satisfied the adhesion properties were poly(e-caprolactone)/polyurethane (PCL/PU, 3:2
(w/w)) and poly(e-caprolactone)/polyurethane/copper oxide nanoparticles (PCL/PU/CuO NPs,
3:2:0.3 (w/w/w)). Electrospinning was applied to coat the surfaces of Ti6Al4V and cpTi with
PCL/PU and PCL/PU/CuO nanofibres with a solution of PU as a primer to promote adhesion at
the NF-metal interface. The NFs were then characterised and tested for adhesive strength. The
results revealed that the electrospinning technique was effective for coating the Ti surface with
nanoscale fibres, and X-ray diffraction (XRD) showed that the CuO NPs were successfully

immobilised within the NF matrix.

The ultimate purpose of modifying Ti and its alloys is to achieve functionality in the physiological
environment. As such, in vitro analyses were conducted to explore the antibacterial and
biocompatibility functionality of in situ Cu-alloyed Ti specimens, namely Ti6Al4V-xCu and Ti-

xCu (x = 3, 6 wt.%) and NF-coated Ti specimens, namely Ti6Al4V-NF, Ti6Al4V-NFCu, Ti-NF
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and Ti-NFCu. For these samples, the NF represents PCL/PU, and NFCu denotes PCL/PU/CuO.
Unalloyed and bare Ti6Al4V and cpTi were included as controls. Antimicrobial analysis was
conducted using the agar diffusion assay and the plate count method. The bacteria used were
common isolates from infected dental and orthopaedic implants. They included Gram-positive
Staphylococcus aureus (S. aureus) ATCC 25923 and ATCC 43300, and Staphylococcus
epidermidis (S. epidermidis), and Gram-negative Escherichia coli (E. coli), Klebsiella pneumoniae
(K. pneumoniae), and Pseudomonas aeruginosa (P. aeruginosa). The agar diffusion assay did not
show bactericidal activity of the samples, including those containing Cu/CuO, against the bacterial
strains. The plate count methods showed distinct antibacterial properties of the samples,
particularly against Gram-positive bacteria. The antibacterial effect was strongly associated with
Cu/CuO-containing specimens and was more pronounced in the NF-coated samples.
Biocompatibility was observed in a few instances in which enumerated counts were higher than

those of the original bacterial suspension, especially for E. coli.

C2C12 and MDA-MB-231 cell lines were used to evaluate the biocompatibility and cytotoxicity
of the samples. Scanning electron microscopy (SEM) with an energy-dispersive X-ray
spectrometer (EDS) and live/dead fluorescence imaging were used to assess the bioactivity of the
metal and polymeric surfaces. Cytotoxicity was evaluated using the resazurin cell viability assay.
Cytotoxicity was observed among the Cu-alloyed samples. Compared with the control samples,
the toxicity against C2C12 and MDA-MB-231 cells was attributed to the Cu content. Cell death
in bacterial cells and cell lines was attributed to Cu-induced production of toxic levels of reactive
oxygen species (ROS). The results from SEM, EDS, live/dead staining, and cell viability assays
showed that the NF-coated samples promoted Ti surface bioactivity more effectively than the bare
samples for both C2C12 and MDA-MB-231 cells. Furthermore, NFs are applied to the surface of
LPBF Ti and thus do not affect its signature mechanical properties. Therefore, coating Ti implants
with PCL/PU and PCL/PU/CuO may be a feasible approach to achieving functional implants and

improving implantation success.
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The envisaged contributions from the experimental investigations are as follows:

»

»

»

»

»

»

Expand the production of biomedical implants from novel metallic feedstock using additive
manufacturing techniques such as LPBF and provide the procedure for optimising the novel
powder compositions to obtain highly dense objects.

[lustrate the application of traditional methods to determine the mechanical properties of the
novel metallic devices with the intent of promoting the mechanical functioning of the devices
in biomedical applications.

Activate the bioactivity of the innately inert surfaces of metal implants by coating them with
sufficiently adherent nanofibre scaffolds. The nanostructure of the organic scaffold mimics the
extracellular matrix (ECM) components of the human body and is thus envisaged to mimic the
function of ECM in the corporeal environment. The implantation period may be extended by
alleviating challenges associated with implant stability.

Demonstrate the application of the nanofibre scaffolds from novel biocompatible polymer
compositions using a simple, yet sophisticated, and well-researched electrospinning
technology.

Successfully incorporate metal/metal oxide-based antibacterial agents in the novel metal
and/or polymer compositions towards the reduction of the infection rate associated with
medical implants.

Provide research protocols for the validation of the functionality of metal alloys alloyed with
antibacterial agents and/or coated with polymer nanofibres with or without imbuing the
nanofibres with antibacterial elements. The protocols include using traditional methods
adapted to test the novel materials under a physiological environment, and allow for additional

adaptation for future research.

7.2. Verification of research objectives

The research objectives that motivated the present project are listed below, along with the

suggested solutions derived from the intensive numerical and experimental work.
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1. To determine the process parameters for in situ alloying of Ti6Al4V-xCu and Ti-xCu (x =3
and 6 wt.%) using LPBF technology.

The description of the in situ alloy process of Ti6Al4V-xCu and Ti-xCu (x = 3 and 6 wt.%) is

detailed in Chapter 3. The systematic, hierarchical approach, commonly used to optimise the

processing parameter of LPBF technology for cpTi, Ti6Al4V-xCu and Ti-xCu (x = 3 and 6 wt.%)

is also described in Chapter 3. The chapter concludes with the listing of the achieved optimum

process parameters that produced highly dense 3D objects.

2. To print Ti6Al4V-xCu, cpTi and Ti-xCu (x = 3, 6 wt.%) test samples via LPBF for
mechanical and biological analyses.

The LPBF fusion optimum process parameters achieved in Chapter 1 were used to successfully

fabricate dense 3D specimens with the required geometry for each experiment, as discussed in

Chapters 4 (determination of mechanical properties), 5 (electrospinning coating with polymer

NFs), and 6 (antibacterial and tissue culture evaluations.

3. To investigate the mechanical properties of uncoated Ti6Al4V, Ti6Al4V-xCu, cpTi and Ti-
xCu (x =3 and 6 wt.%) specimens.

Chapter 4 describes the determination of the mechanical properties of elemental cpTi and in situ

alloyed Ti6A14V-xCu and Ti-xCu (x = 3 and 6 wt.%). The mechanical properties were determined

for the Vickers microhardness test and the tensile test. The results showed that Cu increased the

microhardness and strength of the Ti6Al4V and cpTi, and reduced their ductility.

4. To use the electrospinning apparatus for coating Ti6AI4V and cpTi specimens with
polycaprolactone (PCL) and polyurethane (PU) NFs and PCL/PU NFs doped with copper
oxide nanoparticles (CuO NPs) and determine the adhesive strength of the NF coatings.

As extensively discussed in Chapter 5, LPBF Ti6Al4V ELI and cpTi specimens were coated with

PCL/PU and PCL/PU/CuO NPs nanofibers using an electrospinning machine configured for a

simple solution electrospinning technique. PU solution was applied as a primer. A direct pull-off

adhesion tester was used to determine the adhesion strength of the NF scaffold onto the Ti64 and
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cpTi. The results showed that the adhesion strength values were comparable to those reported in
the literature. Moreover, the NF coating remained firmly adhered to the substrate throughout

subsequent experiments.

5. To employ biological assays in establishing the antibacterial properties and human tissue
interactions of Ti6Al4V-xCu and Ti-xCu (x = 3 and 6 wt.%) and NF-coated cpTi and
Ti6Al4V specimens.

Chapter 6 provides a detailed description of the biological assays used to determine antibacterial

properties, biocompatibility, and cytotoxicity. Bacterial strains commonly associated with

orthopaedic and dental implants (namely, S. aureus ATCC 25923, S. aureus ATCC 43300, S.

epidermidis, E. coli, K. pneumoniae, and P. aeruginosa) were used. It was established that the NF-

coated samples showed potential antibacterial activity, whereas the Cu-alloyed samples did not
exhibit convincing antimicrobial efficacy. The NF-coated samples also showed better
biocompatibility with the studied cell lines (C2C12 and MDA-MB-231) and lower toxicity than

the Cu-alloyed specimens.

7.3. Recommendations for future research

Through research interventions, AM has reached great heights and achieved significant
development in the essential yet delicate field of medicine. Therefore, it is through research that
more advanced developments may be achieved toward the success of implant surgeries and the
subsequent relief of economic burdens and improved human well-being. Recommendations for
future research are as follows:

» The samples produced using the LPBF should be surface-treated using methods such as
polishing and acid etching to achieve improved and predictable surface topographies.
Surface treatments should also be applied to vary surface roughness and to study the
interactions of NF coating, bacteria, and cell lines with the various roughness levels.

» The use of Cu nanoparticles as an alloy element may enhance the bactericidal effect of Ti

metal alloys without inducing undesirable cell toxicity.
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In situ manufactured CuO nanoparticles should be characterised to observe morphology,
measure particle diameter, and determine chemical composition.

Supplementary experiments may provide additional insights into the mechanisms of
interactions at the implant-NF-cell and implant-cell interfaces. These experiments include
fatigue, compressive testing, wettability, degradation rates, ion release rates, the pullout
test, density and corrosion rates in conditions that mimic the physiological environment.
Degradation, corrosion, and ion release rates should be investigated over extended periods
in solutions that emulate natural human blood plasma and secretions, such as simulated
body fluid (SBF) and artificial saliva, to ensure the continued performance and reliability
of an implant in vivo. The investigations should be carried out in dynamic environments
and with multi-directional, cyclical loading to simulate regular body movements, such as
locomotion or limb movements.

Anaerobic bacteria such as Streptococcus mutans, Porphyromonas gingivalis and
Prevotella intermedia are common inhabitants on dental implants. Biocidal strategies
against these bacteria would prove beneficial.

Stem cells and/or cell lines that differentiate into osteoblasts, such as mesenchymal stem
cells (MSCs), may be included in cell culture studies to assess the ability of specimens to
achieve osseointegration.

In vivo investigations using animal models to establish the response of the corporal
environment, especially the PCL/PU and PCL/PU/CuO coated metal implant materials,
towards clinical applicability.

Simulation and machine learning models should be used to assist in predicting a broad
range of possible outcomes and to better direct experimental work before undertaking

extensive in vitro and invasive in vivo methodology.
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APPENDIX A: Stress versus strain curves of LPBF cpTi and Ti64 alloys
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(c) cpTi
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(e) Ti-6Cu
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APPENDIX B: Illustrations of EDS elemental mapping for C2C12

M spectrum 1 M spectrum 1
Ti
c
cu
o]
Al

5

Cu

Ir[1r Ir Ir
. i : . —a
e e TR RN R AR R AR AR AL AR L INI L e e e R TR PR RN R R RR SRR RR R RN RIAAI L

Ir Il 1 Ir

4 6 8 ) 12 14 16 18 keV 0 2 4 6 8 ) il 1. 16 8 eV

Ti64, 24 hrs

Ti64-3Cu, 24 hrs

M spectrum 1
Wt% o
C 703 03
o 288 03
Cu 04 0.1
Ti 04 0.1
Na 01 00

M spectrum 1
Wtk o
412 02
395 0.2
188 02
[E 01
ol 00

o}

5

© Central University of Technology, Free State




Central University of
Technology, Free State

APPENDIX C: Illustrations of EDS elemental mapping for MDA-MB-231
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APPENDIX D: Average relative fluorescence units (RFU) from resazurin assay
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C2C12 (RFU)

MDA-MB-231 (RFU)

Duration 24 hrs 48 hrs 5 days 24 hrs 48 hrs 5 days
Cells only 430.71 £66.43 | 275.43 +110.51 | 764.67 + 69.88 99.35+37.25 142.33 £33.26 | 301.43 +39.77
Ti64 321.67 £23.25 | 3595+ 12.65 59.30 £22.90 104.20 + 2.90 246.10+11.00 | 78.20+8.30
Ti64-3Cu 333.32+16.50 | 28.50+2.10 45.05+10.65 81.35+8.15 237.75+£12.85 | 55.55+39.75
Ti64-6Cu 366.87 + 14.85 | 27.45+14.05 112.80 +21.00 77.15 +40.95 277.95+30.75 | 102.20 + 46.00
Ti64-NF 395.42 + 63.10 | 282.80+29.60 | 1333.75+65.15 68.70 =42.10 291.00 £ 14.70 | 266.50 + 4.40
Ti64-NFCu | 439.67+32.95 | 22590+ 112.90 | 903.50 + 428.60 | 50.56 + 14.56 243.60 £ 7.60 219.30 +45.70
cpTi 535.70 £ 14.00 | 550.35+27.15 | 1034.10+ 10530 | 109.75+ 26.85 197.25+57.45

Ti-3Cu 677.40 £ 59.50 | 501.00 +52.60 | 702.00 £ 228.60 102.00 = 19.90 221.75+13.45

Ti-6Cu 531.65+67.05 | 355.80+17.70 | 298.65 £ 6.45 87.70 £5.40 237.15 £ 41.65

Ti-NF 598.40 +18.20 | 390.80+16.00 | 881.35+£111.65 102.55 £ 0.05 395.25+35.75

Ti-NFCu 646.25 + 80.25 | 494.55+21.65 | 1130.10+101.90 | 130.50 + 17.80 210.15+18.15
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