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Abstract

The development of biomedical implants for dental implants aims to address limitations in
strength, biocompatibility and infection prevention. This study investigated the fabrication
and optimisation of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloy using Laser Powder Bed Fusion
(LPBF), focusing on its hardness, microstructural, corrosion and antibacterial properties. The
alloy replaces toxic aluminium and vanadium with non-toxic elements while maintaining the
same phase proportions and mechanical properties. Ruthenium was added to enhance

corrosion resistance and copper was added for its antibacterial properties.

Powder atomisation was done using the ultrasound rePowder system to ensure suitability for
LPBF. The process parameters were optimised by printing single tracks and assessing their
morphology. Subsequently, square samples were printed using the best parameters. The
manufactured samples were characterised and compared with as-cast alloys for their

microstructure, hardness, corrosion resistance and antibacterial properties.

Microstructures were finer for LPBF than as-cast alloys, contributing to enhanced antibacterial
properties. However, samples fabricated by both techniques showed similar hardness.
Corrosion tests in phosphate-buffered saline (PBS) solution showed good corrosion resistance
attributed to the stabilisation of the passive oxide layer, with a corrosion rate below 0.13
mm/year for both techniques. These findings demonstrated the potential of Ti-6Ta-1.5Zr-

0.2Ru-5Cu (mass%) alloy as a promising biomedical implant for dental applications.
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Chapter 1. Introduction

1.1 Background

Titanium alloys are used in biomedical applications, including dental uses, due to their high
strength, low Young’s modulus which is fairly close to the human bone (10 - 30 GPa), excellent
corrosion resistance and biocompatibility (i.e., the ability of a material to perform with an
appropriate host response in a specific situation) (Leyens and Peters, 2003; Williams, 2008).
The Ti-6Al-4V alloy and commercially pure titanium (CP-Ti) have been used in aerospace for
engine components because they are lightweight, have high strength and good corrosion
resistance (Inagaki et al., 2014). Both these materials started to replace stainless steels and
cobalt-based alloys in many biomedical applications since the 1970s (Mantovani, 2000) and
are considered compatible due to their excellent combination of tensile and fatigue properties

and biocompatibility (Xu et al., 2019).

In dental implants, commercially pure titanium (CPTi) is used (Froes, 2018; Gubbi and
Woijtisek, 2018). Also, (a+B)-alloys, including (1) Ti-6Al-4V, (2) Ti-6Al-4V ELI (with extremely
low interstitial elements) and (3) Ti-6Al-7Nb, are commonly used in biomedical applications
due to their higher strength than CP titanium (Li et al., 2014). However, there are some
concerns about Ti-6Al-4V as Al has been associated with Alzheimer's disease and phosphorus
deficiency in the blood and bone (Leyens and Peter 2003; Niinomi et al., 2012). Furthermore,
V has been reported as being cytotoxic and shows carcinogenic properties (Niinomi et al.,
2012; Challa et al., 2013). Additionally, CP-Ti has insufficient strength for load-bearing implants
(Soro et al., 2019).

In 2011, ~15% of the world's population was reported to have a disability (WHO, 2011).
Developing countries suffer the most; South Africa being a good example (Word Bank, 2021).
According to the United Nations 2030 Sustainable Development Agenda (United Nations,
2015), disability cannot be a reason for denying access to development programming and
human rights. Therefore, many people who live with a disability need biomedical devices or

implants to live a quality and healthy life.

The annual number of hip fractures in South Africa is estimated to increase from ~11,000 in

2020 to ~26,400 by 2050 (Pubmed, 2022). To alleviate this situation, fixing and reconstructing



are required, resulting in high demands for good biomedical materials with complex shapes.
These shapes are complicated to manufacture using conventional methods. However, with
additive manufacturing (AM or 3D printing), complex shapes for metallic implants can be
printed (Ryan et al.,, 2021). Additive manufacturing enables the manufacture of highly
customised medical implants with complex designs, tailored to individual patients for
improved treatment outcomes (DebRoy et al., 2018). Implanting 3D-printed Ti-alloys has
significantly reduced operation, hospitalisation times and overall medical costs (Ni et al.,

2019).

Using Ti-6Al-4V as the (a+B) alloy reference, Stenland et al. (2015) replaced Al and V with non-
toxic zirconium and tantalum for stabilising o and B phases. Tantalum was chosen to replace
V as a B-stabiliser and Zr as a solution-hardening element and to help form a protective passive
film to give good corrosion resistance. By adding copper, which has antibacterial properties
(Hong and Koo, 2005; Zhang et al., 2013), the Ti-Cu alloys also had antimicrobial properties
(zhang et al., 2013; Liu et al., 2014). Liu et al. (2014) stated that the copper content must be
atleast 5 mass% to obtain stable antibacterial properties and balanced mechanical properties.
The Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloy was identified as a new potential (a+B) titanium
alloy for dental applications (Spotose, 2023). Ruthenium was added to Ti alloys enhance
corrosion resistance without changing the microstructure and it is non-toxic to living tissues

(Schutz, 1996; Allardyce and Dyson, 2011).

Additive manufacturing includes different technologies and for this work, the laser powder-
based fusion (LPBF) method was selected because it can manufacture almost all metal alloys
and has a low direct cost (Ni et al., 2019). The LPBF method requires spherical powder with a
size range of 15 - 45 um for optimal flowability and spreadability (Yadroitsev et al., 2021).
However, AMAZEMET suggested a broader range of 10 - 100 um (Zrodowski et al., 2021). The
rePowder ultrasound atomisation system (AMAZEMET) was used to atomise the powder in
small batches (Zrodowski et al., 2021) under common laboratory conditions and generated

high-purity spherical powders.

To achieve the desired properties, high quality and defect-free components are targeted.
Optimisation of the LPBF parameters is therefore necessary (Carrozza et al., 2021). Thus, it is
important to understand the relationship between the processing parameters, geometry and
the resulting microstructures (Svetlizky et al., 2021). Preliminary methods that are mostly
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used are expensive and require more material and energy, as aviation standards state that the
first 2.5 mm of the part from the base plate should be discarded as the process has not
reached thermal stability (Blakey-Milner et al., 2021). However, a more recent single-track
approach is cost-effective, requiring less material and energy to preliminarily evaluate how
different LPBF process parameters influence the shape, dimensions, and microstructure of the
printed material (Gonnabattula et al., 2024). Single tracks might indicate weldability to the
base plate and the interaction with the base plate limits their ability to provide insights into
the final properties of the components. However, the single tracks can also assist in identifying

a suitable process window to build complex 3D shapes.

1.2 Research questions

1.2.1 Can the Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloy be effectively fabricated using LPBF and

what are the optimal conditions for achieving desirable properties for dental applications?

The production of Ti powders for alloying is difficult because of their high melting points and
reactivity. To assess the suitability of Ti powders for LPBF, it is important to atomise the powder
and characterise it to ensure it meets the required properties. Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%)

was printed as single tracks to determine the best printing parameters.

1.2.2 How do the mechanical properties and corrosion resistance of the Ti-6Ta-1.5Zr-0.2Ru-

5Cu (mass%) alloy fabricated using LPBF compared to those of as-cast alloys?

Due to its finer microstructure, the mechanical properties and corrosion resistance of the Ti-
6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloy fabricated by LPBF could be similar or even superior to

those of the as-cast alloy.
1.2.3 What is the effect of ruthenium on its corrosion resistance?

The addition of ruthenium enhances corrosion resistance by promoting the formation of a
stable and protective oxide layer without changing the alloy's microstructure (Liu et al.,
2014a). As ruthenium is expensive, it can only be added in small amounts, so its effectiveness

needs to be tested.

1.2.4 What is the effect of copper (Cu) addition on the antibacterial properties of the Ti-
6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloy?

Copper is known for its antibacterial properties. Investigating how its presence in this alloy
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affects anti-bacterial properties, particularly for dental applications, will be important in

evaluating its clinical potential.

1.3 Research aim and objectives

The research aimed to assess whether the Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloy could be
shaped by 3D printing, using suitable powders. The employed techniques involved printing
single tracks under different conditions and assessing the tracks. Thereafter, samples were

printed using the best printing parameters.
Objectives

e To produce Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) powders suitable for laser powder bed
fusion (LPBF), optimise the laser power and scan speed processing parameters for

printing, and build cuboids with these parameters.

e To evaluate the microstructures and properties of the manufactured of Ti-6Ta-1.5Zr-

0.2Ru-5Cu (mass%) cuboids and compare with those of the as-cast alloy.

e To study the corrosion behaviour of the additively manufactured Ti-6Ta-1.5Zr-0.2Ru-
5Cu (mass%) cuboids in phosphate-buffered saline solution and compare with the as-

cast alloy.

e To assess the antibacterial properties of the additively manufactured Ti-6Ta-1.5Zr-

0.2Ru-5Cu (mass%) cuboids and compare them with the as-cast alloy.

1.4 Scope of the dissertation

This work focused on the characterisation of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloy for additive
manufacturing using the laser powder bed fusion (LPBF) technique. The research included
powder preparation, atomisation, printing and characterising of the single tracks and LPBF
sample fabrication, followed by evaluating the resulting material's microstructure, hardness,
antibacterial and corrosion properties. A comparison of the LPBF-manufactured samples with
as-cast alloys was done to determine the effect of processing techniques on the alloy’s

properties.



Chapter 2. Literature review

2.1 Titanium alloys

Titanium is the fourth most abundant metal element in the Earth's crust (Joshi, 2006).
According to Leyens and Peters (2003), it has a density of 4.51 g/cm?, an electrical conductivity
of 4.20 x 107 Om and a thermal conductivity of 14.99 W/m. Pure titanium is hexagonally close-
packed (hcp) at low temperatures and is known as a-titanium (aTi). Above 885°C, it is body-
centred cubic (bcc), known as B-titanium (BTi). Figure 2.1 shows pure titanium's unit cells and
its allotropic transformation (Veiga et al., 2012). Only three easy slip systems exist in the hcp
structure, compared to 48 in bcc (which are active at different temperatures) (Chandrasekaran
and Xia, 2005). This difference in slip systems affects the material's plastic deformation and

workability (Leyens and Peters, 2003).

Cooling transformation

|
[=882°C }

Figure 2.1. Unit cells and allotropic transformation of pure titanium (Veiga et al., 2003).

Titanium and its alloys have gained a preference over 316L stainless steel and cobalt-based
alloys as first choice materials in biomedical applications due to their superior
biocompatibility (Oldani and Dominguez, 2012). The mechanical properties of titanium alloys
are changed by the addition of alloying elements, which modify their microstructures (Leyens
and Peters, 2003) and thus properties. Alloying elements are classified into a-, neutral, or B-
stabilisers, depending on their effect on the o/B transformation temperature (Litjering,
Williams and Gysler, 2000). Thus, a-stabilising elements like Al expand the a-phase region,

while B-stabilising elements like Mo reduce the a/p transformation temperature, allowing the



B-phase to form at lower temperatures (Leyens and Peters, 2003). Chandrasekaran and Xia
(2005) list the effects of various alloying elements on the a and B phases in Table 2.1. Although

Zr is classified as neutral, it also acts as an a-stabilising element (Welsch et al., 1993).

Table 2.1. Phase stabilising alloying elements (Chandrasekaran and Xia, 2005).

B-stabilising
a-stabilising Neutral B isomorphous | B eutectoid
Al sn Mo Fe
0 Zr \% Mn

W Co
C Ta Ni
Ga Nb Cu

Si
H
W
Cr

Titanium alloys are categorised into three types: a, o+ and B depending on their
microstructure and predominant phases (Leyens and Peters, 2003; Litjering, Williams and
Gysler, 2009). Alpha alloys mainly contain a-stabilising and neutral elements, while near-a
alloys have small additions of B-stabilisers. The a+B alloys, which include both types of
stabilisers, are often used as commercial alloys (Leyens and Peters, 2003). The stabilisation
effects of these elements are quantitatively represented by the molybdenum equivalency (Mo
eq) for B-stabilisers and the aluminium equivalency (Al eq) for a-stabilisers (Veiga et al, 2012).
The effect of these alloying elements on titanium phase diagrams is shown in Figure 2.2

(Leyens and Peters, 2003).
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Figure 2.2. Effects of alloying elements on titanium phase diagrams (Leyens and Peters, 2003).

In conventional titanium alloys, the B transus temperature plays an important role in the
evolution of microstructure and it defines heat treatment and processing schedules (Geeth et
al., 2009). Figure 2.3 shows different microstructures that resulted from different processing
conditions (Geeth et al., 2009). When these alloys are heat treated above the B transus, they
develop an acicular or lamellar structure, commonly referred to as a beta-treated structure
and when treated below the  transus (within the a+p phase) they consist of equiaxed a+f
phases (Niinomi, 2003; Geeth et al., 2009). The volume fraction of the equiaxed a+p varies,
depending on alloy composition, heat treatment temperatures and cooling rate. For fast
cooling rates, the B transforms into martensite or a laths, with some retained B remaining
(Niinomi, 2003; Geeth et al., 2009). In metastable B alloys, quenching from the B region retains
the B, while ageing at lower temperatures results in fine a precipitates, enhancing the strength

(Geeth et al., 2009).

2.1.1 Development of Ti-6Al-4V alloys

The Ti-6Al-4V alloys have microstructures that consist of a and B phases, which vary
depending on temperature and cooling rates (Donachie, 2000). The alloy shown in Figure 2.4
shows the development of the Widmanstatten microstructure by slow cooling from above the

B transus temperature.
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Figure 2.3. Influence of thermomechanical processing on the formation of different
microstructures in o+ titanium alloys (Geeth et al., 2009).

In Ti-6Al-4V, the microstructure varies depending on the cooling rate from B, which changes
the mechanical properties (Leyens and Peters, 2003). Coarser a lamellae form during slow
cooling due to the gradual transformation from the B, while rapid quenching results in finer
acicular (needle-like) o.. When cooled rapidly from above the martensite start temperature
(Ms) through the a+p field, B undergoes a martensitic transformation, forming a’-martensite,
a fine, hard microstructure. At lower temperatures, the B volume fraction decreases and any
remaining B does not transform to martensite once the martensitic finish temperature (M) is

reached.
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Figure 2.4. Development of a Widmanstatten microstructure in a+f Ti-6Al-4V alloy (Donachie,
2000).

In the annealed condition, Ti-6Al-4V approaches a near-equilibrium microstructure, which
consists of 5-10 vol.% retained B within a primary a matrix at room temperature (Leyens and
Peters, 2003). The exact phase distribution depends on the annealing temperature and
cooling rate: slower cooling promotes a coarser a morphology, whereas faster cooling
produces finer a grains (Poondla et al., 2009; Luan et al., 2017). In contrast, as-cast Ti-6Al-4V
contains only 2—7 vol.% B, with a coarse lamellar microstructure of a and retained B (Luen et
al., 2014). Key microstructural features, such as prior B grain size, p phase volume fraction and
a colony size, affect the mechanical properties, including strength, ductility and fatigue
resistance (Leyens and Peter, 2003). Grain boundaries can act as barriers to dislocation
motion, thereby increasing strength, but they may also be sites for crack initiation, potentially

reducing fatigue resistance.



Different applications of Ti-6Al-4V (and other titanium alloys) require specific mechanical
properties, which are achieved by tailoring the microstructures by post-manufacturing heat
treatments. These treatments modify the microstructure by controlling the transformation of
B phase, which directly affects the mechanical performance of the alloys (Welsch et al., 1993;
Lutjering et al., 2000). For example, a fine equiaxed microstructure is ideal for high cyclic loads,
making it well-suited for biomedical implants such as joint replacements and dental devices.

Table 2.2 summarises the heat treatment processes used to optimise these properties.

Table 2.2. Heat treatments for a+f titanium alloys (Donachie, 2000).

Heat treatment | Heat treatment cycle Microstructure

designation
Solution treatment at 50-75°C (90— | Primary a, with

Duplex anneal 135°F) below Tg(a), air cool and age for | Widmanstatten o+p
2-8 h at 540-675°C (1000-1250°F) regions

) Solution treatment at ~40°C (70°F) ] )

Solution treatment Primary a, with tempered
below Tg, water quench and age for 2-8 | | .

and age o' or a a+P mixture

h at 535-675°C (995-1250°F)

Solution treatment at ~15°C (30°F)
Beta anneal above Tg, air cool and stabilise at 650—
760°C (1200-1400°F) for 2 h

Widmanstatten o+pB
colony microstructure

Solution treatment at ~15°C (30°F)
Beta quench above Tg, water quench and temper at | Tempered o’
650—-760°C (1200—1400°F) for 2 hours

o 925°C (1700°F) for 4 hours, cool at ) ] )
Recrystallisation . . . . .| Equiaxed a with B at grain
50°C/h (90°F/h) to 760°C (1400°F), air ) .
anneal | boundary triple points
coo

Incompletely
A+B hot work plus anneal at 705°C

. . recrystallised a with a
Mill anneal (1300°F) for 30 min to several hours and

] small volume fraction of
air cool

small B particles

Heat treatments, including annealing, solution treating, ageing and beta annealing, determine
the resulting microstructure and mechanical properties (Poondla et al., 2009). For example,
annealing produces a microstructure consisting of a phase and Widmanstatten a+p regions
(Welsch et al., 1993; Leyens and Peters, 2003). In contrast, solution treating and ageing result
in a mixture of a and tempered a’ or B+a phases, improving toughness and ductility (Litjering
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et al., 2000; Poondla et al., 2009). Additionally, beta annealing yields a Widmanstatten colony
microstructure, which is beneficial for applications that require strength and wear resistance

(Leyens and Peters, 2003; Donachie, 2000).

Commercially pure titanium and titanium alloys, particularly Ti-6Al-4V, have been used in
biomedical applications since the early 1970s due to their excellent properties (Table 2.3)
(Veiga et al, 2012). Implants (Figure 2.5) are used to replace lost functions due to trauma or
illness (Bose et al., 2012; Ni et al., 2019). Titanium alloys, particularly Ti-6Al-4V, were the first
modern materials implemented for dental implants and are still used today (Gaviria et al.,
2014). Other metals used include zirconium and gold (Searson et al., 2019), which may
strengthen the implant, although they can have poor bone-to-implant contact (Searson et al.,
2019). The titanium oxide layer on implant surfaces is critical to prevent corrosion (Delgado-

Ruiz and Romanos, 2018).

Table 2.3. Ti-6Al-4V for biomedical applications and its properties (Balazic et al., 2007).

Alloy Properties

Titanium alloy (Ti-6Al-4V) and pure titanium | Reduced elastic modulus

Excellent biocompatibility

High strength to weight ratio

Enhanced corrosion resistance than
conventional stainless steel and Co-Cr alloys

Good osseointegration

The development of titanium alloys for biomedical applications aimed to improve
biocompatibility and corrosion resistance, providing an alternative to other materials like 316L
stainless steel and cobalt-chromium (Co-Cr) alloys. Commercially pure titanium (CP-Ti)
emerged as a better option since it has no toxic elements like nickel, cobalt and chromium
which are present in stainless steel and Co-Cr alloys (Bannon and Mild, 1983). However, the
mechanical properties of CP-Ti, such as strength, are limited for high-load applications like
hard tissue replacements (Oliveira et al., 1998). To address this, a+B titanium alloys,

particularly Ti-6Al-4V, replaced CP-Ti in such applications, offering enhanced strength and
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fatigue resistance (Zwicker et al., 1980). However, Ti-6Al-4V alloy contains cytotoxic elements,
such as Al and V, which can pose serious health risks when released into the body (Li et al.,

2014).

Figure 2.5. Examples of biomedical implants: (a) cranial prosthesis, (b) surgical guide, (c)
scapula prosthesis, (d) knee prosthesis, (e) dental implants, (f) interbody fusion cage, (g)
acetabular cup and (h) hip prosthesis (Ni et al., 2019).

2.1.2 Titanium alloy in dental applications

Tooth loss is common and can occur due to disease or trauma, consequently dental implants
have a long-standing history for replacing missing teeth (Mijiritsky et al., 2013; Searson et al.,
2019). Dental implants originated in ancient Egypt when carved seashells or stones were put
into the human jawbone to replace missing teeth (Gaviria et al., 2014). Other reported early
implants included noble metals and were created to resemble the shape or function of natural
tooth roots (Lee et al., 2005). During the Middle Ages, dental implantation was done with
allografts (biological materials, such as bones or tissues, obtained from human donors) and
xenografts (biological materials sourced from animals, typically pigs or cows) (Gaviria et al.,

2014), although Sullivan (2021) stated that this caused infections and even deaths. Figure 2.6
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shows a dental implant (Xin et al.,, 2022). In 1957, Per-Ingvar Branemark, a Swedish
orthopaedic surgeon, discovered that bone can grow near titanium and adhere to it without

rejection, which was a significant advance in dental implantology (Gaviria et al., 2014).

True tooth ](—— Jental crm\'n;]
> o ‘ . o
Dental implant

| Alveolar lmncJ : T1slu nnpl;mr‘:]

—— w.&
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Figure 2.6. Dental implant (Xin et al., 2022).

The rising demand for dental implants, medical devices used to replace missing or damaged
teeth, in South Africa is driven by increased oral health awareness and an ageing population
(Insights10, 2024). This has led to growing interest in optimising implant materials for clinical
success. Titanium alloys play a crucial role in advancing dental implants by providing long-term
functional stability and biocompatibility (Gaviria et al., 2014). Dental implants must integrate
effectively with bone tissue by osseointegration, ensuring stability and long-term viability (Anil
et al., 2011). This interaction is essential to prevent clinical failure, which can occur if a fibrous
soft tissue capsule forms around the implant, blocking biomechanical attachment (Heinemann
et al., 2015). Upon implantation, two possible reactions may occur: the undesirable formation
of a fibrous capsule, which leads to clinical failure, or successful osseointegration, where direct

bone-implant contact occurs without connective tissue interference (Heinemann et al., 2015).

The surface roughness of titanium implants affects their osseointegration rate and
biomechanical stability (Le Guéhennec et al., 2007). While higher surface roughness can

enhance mechanical interlocking between the implant and bone, it also increases the risk of
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bacterial colonisation (where oral bacteria attach, multiply and form clusters on the implant
surface) (Le Guéhennec et al., 2007; Alvarez et al., 2020). This colonisation leads to biofilm
formation, where bacteria create a protective layer of extracellular polymeric substances (EPS)
that adhere to the surface and resist immune responses and antibacterial treatments (Zhang
and Li, 2019). Biofilm formation can lead to peri-implantitis, an inflammatory condition that

causes bone loss and compromises the stability of the implant (Chen et al., 2021).

High compressive and tensile strengths are essential for biomedical implants to prevent
fractures and ensure long-term functional stability (Saini et al., 2015). However, increased
strength results in reduced ductility (Leyens and Peters, 2003). Ductility is essential for shaping
implant materials, allowing them to undergo plastic deformation without breaking during
processes like forging or moulding. Saini et al. (2015) recommended a ductility of 8% for dental
implants. While a lower elongation might suffice in some cases, ductility becomes less critical
once the implant is shaped, with strength taking precedence to ensure durability and
resistance to fracture during use. However, titanium alloys used in the medical field should
have higher elongation, between 10% and 20% (Niinomi, 1998), to meet the flexibility for load-

bearing implants.

In all biomaterials, including Ti alloys, fracture toughness is important as it affects the fatigue
resistance of the alloy (Li et al., 2005). Fatigue resistance is critical in biomedical alloys because
poor fatigue resistance can lead to mechanical failure, which can cause inflammation and
other complications (Leyens and Peters, 2003). Fatigue deformation in biomedical implants
can cause the fracturing of the protective oxide layer, exposing the base metal to corrosive
environments (Li et al., 2005). This exposure accelerates corrosion, compromising the

implant's structural integrity and causing biological reactions such as inflammation.
In clinical dentistry, there are four main types of dental implant designs (Han et al., 2009).

e Subperiosteal: the implant is positioned beneath the periosteum, the membrane
covering bones and is used when bone height or density is inadequate for other
implants. It consists of a metal framework on the bone beneath the gums as an

attachment point for prosthetic teeth.
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e Blade: this implant is flat and blade-shaped, intended for insertion directly into the
jawbone, conventionally used when the bone width is narrow, offering a stable

foundation for attaching prosthetic teeth.

e Ramus frame: these implants are anchored to the mandibular ramus, the posterior
part of the lower jawbone. They are used when there is insufficient bone in the main

body of the mandible but adequate bone in the ramus region.

e Endosseous: these implants are the predominant type in modern dentistry. Surgically
inserted directly into the jawbone, they integrate with the bone by osseointegration,

forming a robust foundation for artificial teeth or dental prostheses (Han et al., 2009).

The focus is on endosseous implants, which are the most widely used type in modern dentistry
(Gaviria et al., 2014). They are usually screw-shaped and placed into the mandible (lower
jawbone, which is the largest and strongest bone in the face and holds the lower teeth in place
and is crucial for chewing, speaking and providing support to the lower face) or maxilla (the
upper jawbone, which consists of two symmetrical halves that form the upper jaw and

support the upper teeth).

Dental implants are designed to have mechanical stability, ensuring they are securely
anchored in the jawbone upon placement, while promoting osseointegration (Javed et al.,
2013). Endosseous implants have three main macro-designs: screw-shaped threads, solid
body press-fit designs (such as conical or cylindrical) and designs with porous coatings
(Stanford, 2008). Each configuration affects the long-term biomechanical properties at the

bone-implant interface, which determines the success or failure of the implant.

When dental implants do not effectively transfer forces to the surrounding bone, this may
result in bone atrophy (the gradual loss of bone density and mass due to insufficient
mechanical loading) or hypertrophy (an increase in bone density and mass due to excessive
stress at the bone-implant interface) (Gaviria et al., 2014). Consequently, the implant design
must promote bone growth and ensure an even distribution of stress to the surrounding bone

matrix, as this balance is crucial for maintaining bone health around the implant site.

The screw thread implant is the most used root implant type due to its effectiveness and

strong initial retention (Kan et al., 2005). As shown in Figure 2.7, various thread design

15



characteristics, including pitch, height and shape (either square or V-shaped), affect the
performance of the implant (Lee et al., 2005). While the implant shape does not affect cortical
bone, which is the dense, strong outer layer of bone (Geng et al., 2004), the thread design
affects trabecular bone. Trabecular bone in the jawbones is highly porous (with 75-95%
porosity) and consists of a network of interconnected rods and plates, known as trabeculae,
surrounding spaces that may contain bone marrow (Geng et al., 2004; Wunner et al., 2017).
Chun et al. (2004) found that increasing implant length and reducing pitch length lowered
maximum effective stresses, emphasising the importance of minimising bone stress to

maintain implant stability.

Standard Square Buttress Reverse
V-thread Thread Thread Buttress
Thread

Single-threaded Double-threaded Triple-threaded

Figure 2.7. Implant thread pattern types (Moulyashree and Mahantesha, 2023).

Dental implants have many necessary properties for their success (Seth and Kalra, 2013).
Biocompatibility is one of the most critical properties (Gaviria et al., 2014) and is determined
by the material's physical, chemical and mechanical qualities and application. Dental implants
are tested for biocompatibility by measuring the degree of osseointegration between the
implant and the tissues (Searson et al., 2019). Factors that affect osseointegration are given in

Figure 2.8 (Gaviria et al., 2014).
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Figure 2.8. Factors that affect osseointegration (Gaviria et al., 2014).

2.1.3 Corrosion behaviour of titanium alloys

Degradation of metal implants is undesirable for two main reasons: it can weaken the
implant’s structural integrity and released degradation products may trigger adverse
biological reactions in the host (Joshua et al., 1998). Degradation can occur due to
electrochemical dissolution, wear, or a combination of both. Electrochemical processes
include general corrosion, affecting the entire implant surface uniformly, or localised
corrosion, which affects shielded areas (crevice corrosion) or random surface sites (pitting
corrosion). Corrosion can lead to implant failure after its initial success (Olmedo et al., 2009).
Electrochemical and mechanical processes, such as stress corrosion cracking, corrosion fatigue
and fretting corrosion, can interact, leading to early structural failure and increased release of

metal particles and ions (Joshua et al., 1998).

Titanium alloys are among the most widely used metals in direct contact with body tissues.
These biomaterials are highly reactive when exposed to air or fluids, quickly forming a
titanium dioxide (TiO;) layer (Olmedo et al.,, 2009). This oxide layer minimises interaction
between the biological environment and the metal and is important in determining the
implant's biocompatibility and the body’s response (Olmedo et al., 2009). The oxide layer is a
protective surface between the implant and the body, which helps reduce its reactivity and

partially prevents corrosion (Jacobs et al., 1998).

Nagay et al. (2022) showed that while the nanoscale amorphous TiO, layer on titanium

implants offers passivation and is a protective barrier against corrosion under neutral
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physiological pH, this barrier is vulnerable in the complex in vivo oral environment. Continuous
exposure to acidic substances and microbial metabolites can lower the pH, potentially leading
to an irreversible breakdown of the passive film. Additionally, the TiO, layer has limited
tribological resistance and can be easily disrupted under mechanical loading (Dini et al., 2020).
Mombelli et al. (2018) showed that prolonged exposure to a corrosive environment and wear
from implantation can lead to the release of metallic ions and particles, potentially causing
serious biological problems like peri-implant diseases or in severe cases, systemic toxicity

(Figure 2.9) (Nagay et al., 2022).

Corrosion
process of
dental
implants

TiO; layer

Bone » : ‘
Figure 2.9. Schematic diagram of biochemical mechanisms involved in the corrosion-related
interaction between titanium surface (with the oxide layer) and tissue in dental implants
(Nagay et al., 2022).

First, the titanium alloy composition needs to be modified to improve the corrosion resistance
of dental implants. Some alloying elements form oxides that are less stable and protective
than TiO,, which can weaken the implant's ability to resist corrosion if they are present in high
amounts (Cordeiro and Bardo, 2017). Table 2.4 shows that adding an alloying element to

titanium can not only alter the oxide layer but also cause phase transformations, resulting in
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combinations of the two phases (a and B) such as a, a+f3, or B (Nagay et al., 2022). Additionally,
the alloying elements may form intermetallic phases, which are distinct chemical compounds
that can influence the material's properties (Cordeiro and Barao, 2017). Nagay et al. (2022)
disagree with Cordeiro and Bardo (2017) on which crystalline phase is most effective for
corrosion resistance. The B phase is thought to be more stable and resistant to dissolution
than a (Chen and Tsai, 2011). Conversely, titanium alloys with a single a phase have been
shown to exhibit better electrochemical performance than a+B and B alloys (Cordeiro and

Bardo, 2017).

Table 2.4. Effect of alloying elements on titanium alloys' microstructure and electrochemical
properties (Nagay et al., 2022), where Rp = polarisation resistance, icorr = corrosion current

density, Ecorr = corrosion potential and E,i: = pitting potential.

Alloying | Effect on Microstructure Effect on Electrochemical Parameters
Element

Reduces anodic activity, strengthens | Increases Rp, reduces icorr, cOrrosion rate
Zr solid solution and forms ZrO; film and capacitance

Creates stable TayOs film and B in the | Reduces pitting, corrosion rate, icorr and
Ta Ti matrix improves Ecorr

Forms B and a, incorporates Nb;Os in | Enhances cathodic protection, reduces
Nb passive film icorr and ipass and increases Ecorr

Ti,Cu precipitation strengthens alloy;
Cu a more noble phase. Increases Rp, reduces icorr With higher Cu

Promotes a+f microstructure, high

concentrations yield a single B phase | Enhances cathodic reaction, limited
Mn with TiMn improvement to corrosion resistance

Forms Ti and Mg phases, increasing
Mg Mg lowers Ecorr Lowers Ecorr, increases icorr

Induces a+B  structure, high | Displays corrosion behaviour similar to
Co concentrations form Ti;Co pure Ti

Smaller primary B dendrites and | Higher Rp, lower icorr and ipass with
Mo stabilises acidic oxides increased Mo.
Fe Promotes B and finer grains Reduces icorr, increases Epit and Rp

Intermetallic compounds can form localised galvanic cells with the titanium matrix due to
differences in electrochemical potential (Cordeiro et al., 2019), which weakens the alloy's

electrochemical stability. Thus, single-phase alloys show better electrochemical properties
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(Cordeiro et al., 2019). However, for alloys with multiple phases or varying crystallographic
orientations, achieving fine grains and uniform distribution of alloying elements is important
for maintaining good electrochemical stability (Cordeiro et al., 2019). Fine microstructure
helps to evenly surround intermetallic compounds with the matrix, adjusting the
cathode/anode area ratio, which reduces galvanic effects and protects the less noble phase
from corrosion (Osério et al., 2010; Zhang et al., 2016). Uniform microstructures and
enhanced elemental distribution can improve corrosion resistance by stabilising and

strengthening the passivation films on titanium-based alloy matrices (Zhang et al., 2016).

Ruthenium, an affordable metal among the platinum group, was added in varying minor
amounts to Ti-based alloys as a ternary element for its ability to significantly enhance the
corrosion resistance of Ti even in minimal concentrations (Schutz, 1996; Biesiekierski et al.,
2014). Ruthenium has a history of use in dental alloys, as has palladium (Biesiekierski et al.,
2014). However, Ru was preferred over Pd due to its lower cytotoxicity and concerns about
Pd?* which in the form of a chloride salt, has been associated with carcinogenic properties
(Yamamoto et al., 1998). Ruthenium has very low solubility in (aTi) (less than 0.1 mass%),
leading to the formation of a fine and uniform distribution of noble intermetallic TiRu
precipitates throughout the alloy (Schutz, 1996). These precipitates or Ru-enriched surfaces
from selective dissolution act as cathodic sites, lowering hydrogen overvoltage and
accelerating the reduction of hydrogen ions to hydrogen gas. This cathodic modification shifts
the titanium alloy's corrosion potential positively, stabilising the protective TiO; film and

achieving full passivity (Schutz, 1996; Biesiekierski et al., 2014).

2.1.4 Microstructure, mechanical and biocompatibility of titanium implants

The Ti-6Al-4V alloy is widely used in load-bearing implants due to its high strength, which is
better than commercially pure titanium (Hosseini et al., 2012). While pure titanium is highly
biocompatible, it lacks sufficient strength for high-stress applications (Elias et al., 2008;
Stenlund et al., 2015). This is particularly significant as implant size decreases, where the risk
of fatigue fractures becomes more pronounced, making Ti-6Al-4V more suitable (Velasco-
Ortega et al., 2014). Although Pure Ti and Ti-6Al-4V have been reported to effectively support

bone healing, with no observable histological differences between them and bone and both
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materials successfully achieve osseointegration (Palmquist et al., 2009), there are concerns
for potential harmful effects of Al and V in Ti-6Al-4V, especially due to ion release from the
alloy’s surface. This ion release can lead to adverse tissue reactions and immune responses
(Morais et al., 2007; Palmquist et al., 2009; Li et al., 2014). Additionally, these ions may inhibit
hydroxyapatite formation, potentially reducing the biomechanical anchoring of Ti-6Al-4V

implants than with pure titanium (Han et al., 1998; Stenport and Johansson, 2008).

Pure metals of potential alloying elements, including Zr, Ta, Nb, Al, and Mo, have been
examined in vitro using MC3T3-E1 murine calvaria osteoblast-like cells and GM7373 bovine
aortic endothelial cells (Eisenbarth et al., 2004). Zirconium, Ta and Nb showed low toxicity,
while Al and Mo demonstrated slightly reduced cell proliferation than Zr, Ta and Nb for both
cell types (Eisenbarth et al., 2004). In vivo assessments of implants made from pure Ti, Hf, Re,
Nb and Ta had similar bone healing responses at 2 weeks. However, by 4 weeks, implants
made from Nb, Ta and Re showed a larger bone area than Ti, suggesting that these materials
promoted more bone growth. While Ti and Ta implants showed significantly higher bone-
implant contact than the other metals, indicating better integration and stability with the bone

(Matsuno et al., 2001).

Stenlund et al. (2015) developed a Ti-10.1Ta-1.7Nb-1.6Zr alloy to mimic the a+B Ti-6Al-4V
phase proportions and microstructure using low-toxicity elements to enhance its strength and
biocompatibility. Thermo-Calc was used to obtain the alloy with the best phase proprtions,
selecting Ta and Nb as B-stabilisers and Zr for solution hardening. The Ti-10.1Ta-1.7Nb-1.6Zr
implants demonstrated enhanced biomechanical stability over time, significantly improving

removal torque measurements from 7 to 28 days than CP-Ti implants.

Histological analysis revealed that bone-to-implant contact (BIC) for Ti-10.1Ta-1.7Nb-1.6Zr
implants was similar to CP-Ti at both 7 and 28 days, with no statistically significant differences,
but showed more pronounced early bone mineralisation around the implants (Stenlund et al.,
2015). Gene expression analysis supported these findings, indicating a faster healing response
with Ti-10.1Ta-1.7Nb-1.6Zr implants. This was demonstrated by upregulated expression of
bone formation markers, such as runt-related transcription factor-2 (Runx2) and osteocalcin
(OC) and bone remodelling markers, including tartrate-resistant acid phosphatase (TRAP) and
cathepsin K (CatK), during the early stages of healing. Additionally, the implants demonstrated
reduced expression of inflammatory markers, such as interleukin-1 beta (IL-1B) and tumour
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necrosis factor-alpha (TNF-a), over time, suggesting a decrease in inflammation as healing

progressed.

Several titanium alloys have been developed for biomedical implant applications, such as Ti-
6Al-7Nb and Ti-5Al-2.5Fe (Yang et al., 2021). However, challenges remain in achieving optimal
mechanical and biological compatibility with the human body. One key problem is that Young's
moduli of many titanium alloys, including Ti-6Al-7Nb (~108 GPa), and Ti-5Al-2.5Fe (~128 GPa),
are significantly higher than human bone (10—40 GPa). Table 2.5 lists some of the titanium
alloys used in dental applications with their mechanical properties. While adding Al enhances
these alloys' strength, it also increases Young's modulus. This mismatch in stiffness between
the alloy and bone can lead to stress shielding, where the reduced mechanical load on the
surrounding bone results in bone resorption and degradation over time due to disuse (Lee et
al., 2002). Furthermore, the stiffness mismatch can cause uneven stress distribution in the
bone. Areas subjected to excessive mechanical stress may experience damage to bone cells
and tissue, whereas areas with insufficient stress may fail to stimulate bone growth. This
imbalance can inhibit bone regeneration, promote bacterial colonisation, and lead to
inflammation and bone resorption (atrophy), ultimately resulting in implant loosening

(Mohammed et al., 2014).

Table 2.5. Titanium alloys for dental applications and their mechanical properties (Niinomi,
2003; Li et al., 2014).

Alloy Process Tensile | Yield Elongation | Vickers
strength | strength | (%) hardness
(MPa) (MPa) (HV)
Ti—20Cr-0.2Si | Casting 874 669 6 318
Ti—25Pd-5Cr Casting 880 659 5 261
Ti—13Cu—4.5Ni | Casting 703 - 2.1 -
Ti—6Al-4V Casting 976 847 5.1 -
Ti—6Al-4V Superplastic forming | 954 729 10 346
Ti—-6Al-7Nb Casting 933 817 7.1
Ti—Ni Casting 470 8 190

Several researchers studied alternative alloy compositions to address the stiffness mismatch

between titanium implants and human bone. Wang et al. (2018) studied the mechanical
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properties of Ti-Mo alloys, finding that Mo additions stabilised B, resulting in a predominantly
B microstructure. However, the Young’s modulus (83-104 GPa) was higher than for human
bone. Qi et al. (2021) investigated the effect of Fe on Ti—6Zr-xFe (x = 4, 5, 6, 7 mass%) alloys,
showing that Fe improved B stability, with the alloy's tensile strength (748-994 MPa) and
Young’s modulus (90-94 GPa) increasing with Fe content. Meng et al. (2018) examined the
effect of thermo-mechanical treatment on Ti-36Nb-5Zr, finding that tensile strength increased
with increased nano-scale a precipitation, while the Young’s modulus (60 GPa) remained

higher than for bone.

The Ti-Nb-Zr-Sn alloy gained attention for its excellent mechanical properties and
biocompatibility (Yang et al., 2021). Hao et al. (2006) developed the Ti-24Nb-4Zr-85n (Ti2448)
alloy, which has a low Young’s modulus of 42 GPa and a high tensile strength of over 850 MPa.
In this quaternary alloy, Nb and Ti mix well to form stable B, while Zr and Sn also stabilise the
B and prevent the formation of brittle martensite and w (Niinomi, 1998; Li et al., 2014). Thus,

niobium is a key element that stabilizes the B in Ti alloys (Niinomi, 1998; Yang et al., 2021).

Yan et al. (2021) investigated the effects of Nb content (x = 16, 20, 24, 28, 36 mass%) on the
microstructure, phase composition and mechanical properties of Ti-4Zr-8Sn-xNb alloys.
Increasing the Nb content enhanced B stability, so alloys with 16-24 mass% Nb had dual-phase
microstructures (a”’+ B) and alloys with 28-36 mass% Nb were single-phase B. The B is
beneficial to lower Young's modulus, making it more compatible with human bone.
Additionally, increased Nb reduces B grain size, resulting in finer and more uniform grains in
solution-treated samples, which enhanced mechanical properties by minimising
inhomogeneities. At 20—24 mass% Nb, there was a stress-induced martensitic transformation
from the B to a’”” phase under load, contributing to two yield points in the stress-strain curves.
The Ti-24Nb-4Zr-85n alloy, with a’’ (a metastable orthorhombic structure) and B phases, had
the lowest Young's modulus, closely matching that of human bone and potentially reducing
stress shielding in implants. However, as the Nb content increased, the B stabilised and
prevented the martensitic transformation, gradually increasing Young’s modulus above 24

mass% Nb.

Microstructural parameters that are important for the mechanical properties of titanium

alloys include the B grain size, a colony size, a lamella thickness and interlamellar

morphology (Filip et al., 2003; Sieniawski et al., 2013) as shown in Figure 2.10 (Sieniawski et
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al., 2013). As the cooling rate increases, the microstructure becomes finer, reducing the a
colony size and the thickness of the a lamellae (Sieniawski et al., 2013). Additionally, new
colonies may nucleate along B boundaries and also along the boundaries of other colonies,
growing perpendicular to the existing lamellae. This gives a distinctive basket-weave or
Widmanstatten microstructure (Figure 2.11) (Lutjering and Williams, 2007). The colony size of
a lamellae with the same crystallographic orientation in a+f Ti alloys is important for the
alloy's mechanical properties, as it is the effective slip length (Table 2.6) (Ziaja et al., 2001;
Gupta et al., 2018). However, the interlocking and overlapping lamellae in the basket-weave
microstructure obscure individual colony boundaries, making the measurement of colony size

difficult (Sieniawski et al., 2013).

At high temperatures, (BTi) grains in titanium alloys become larger (Sieniawski et al., 2013).
When these alloys are slowly cooled from the B region into the a+p region, the a initially forms
at B grain boundaries, creating a continuous layer of a along these boundaries (Litjering et
al., 2000). With slower cooling rates, atomic diffusion occurs over long-range distances,
resulting in colonies of parallel a plates separated by retained 8 plates (Tong et al., 2017). The
a plates within each colony are aligned crystallographically with parallel crystal orientations,
forming a characteristic lamellar structure of alternating a and B plates (Lltjering et al., 2000).
Figure 2.12 shows the microstructure of Ti-6Al-4V below the B transus, where a nucleated at
B grain boundaries and extended as lamellae into B grains (Leyens and Peters, 2003). Above

the transus, only B is present.

Table 2.6. Mechanical properties of the Ti-6Al-2Mo-2Cr alloy (Sieniawski et al., 2013).

Average thickness of a-phase lamellae | YS (MPa) | UTS (MPa) | of Hardness
(pm) (MPa) | (HV)
1.7 980 1136 550 340
2 944 1108 575 338
3.6 924 1055 560 336
6.2 922 1024 540 332
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Figure 2.10. SEM-BSE image showing parameters of the lamellar microstructure that was
analysed using stereological methods: D = primary B grain size, d = size of the colony of parallel
o lamellae, t = thickness of a lamellae (Sieniawski et al., 2013).

Figure 2.11. SEM-BSE image showing Widmanstatten microstructure of Ti-6Al-4V alloy cooled
from the B-phase field at 9°C/s (Sieniawski et al., 2013).
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Figure 2.12. SEM-BSE images of Ti-6Al-4V cooled from the B phase field: (a) a growing as
lamellae into B grains and (b) colonies of lamellae oriented at different angles (Leyens and
Peters, 2003).

2.1.5 Titanium alloys with copper in biomedical applications

Metal ions such as Zn*, Ag* and Cu?* have a wide range of antimicrobial properties and have
been used as antibacterial treatments (Grass et al., 2011; Zhang et al., 2014). Copper is
preferred in biomedical implants because it has low toxicity and good cytocompatibility (Jin
etal., 2015) as well as enhanced antimicrobial properties, improved mechanical performance,

better corrosion resistance and maintained biocompatibility (Zhang et al., 2016a).

Titanium-based alloys with copper are excellent biomaterials for biomedical implants due to
their biocompatibility, with Cu enhancing mechanical properties such as elongation, modulus,
and hardness (Liu et al., 2014a). The main cause of biomedical implant failure is bacterial
infection, which can occur after surgical implantation or during the early stages of recovery
(Liu et al., 2014b; Seebach and Kubatzky, 2019). These infections interfere with the healing
process and may lead to implant failure, as they are difficult to treat due to biofilm formation,
antibiotic resistance and the limited immune response at the implant site (Liu et al., 2014b;

Seebach and Kubatzky, 2019).

Zhang et al. (2011) found that Ti>Cu is responsible for anti-bacterial properties. Zhang et al.
(2013) added copper to titanium alloys for its antibacterial properties, effectively reducing

bacterial activity and lowering infection risks. Zhang et al. (2013) showed that titanium alloys
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with 10 mass% copper achieved high antibacterial rates (>99%). They used high purity
titanium powder (99.99 mass%) and 10 mass% copper powder (99.99 mass% purity) ball
milled for 3—6 h and hot pressure sintered into samples. The resulting alloy had the
intermetallic Ti,Cu phase, and X-ray diffraction showed both (aTi) and Ti,Cu phases in the alloy

(Figure 2.13). Zhang et al. (2016a) advised that a minimum of 3 mass% Cu was needed for a

good antibacterial rate.
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Figure 2.13. XRD patterns of: (a) Ti powder, (b) Ti—Cu mixed powder and (c) Ti—Cu sample
(Zhang et al., 2013).

The Ti,Cu phase is beneficial for antibacterial performance and enhances biocompatibility,
mechanical strength although it can reduce ductility (Kikuchi et al., 2003; Lui et al., 2014;
Zhang et al., 2016b). Zhang et al. (2015) demonstrated that the antibacterial rate of Ti-Cu
alloys was affected by Cu content, and at least 5 mass% Cu gave a high antibacterial rate
(>99%). This was attributed to the release of copper ions from the alloy surface, which disrupts
bacterial cells by attacking bacteria's cell walls and membranes, producing cytoplasm leakage
and nucleus oxidation (Ookubo et al., 1998) as shown in Figure 2.14 (Liu et al., 2016). However,
excess copper intake causes stomach upsets, nausea and diarrhoea and can lead to tissue
injury and disease (Liu et al., 2014a). Copper is a heavy metal, so moderate amounts are
recommended, less or equal to 5 mass% Cu, because in excess, it could be toxic in the long
term (Rathbone et al., 2011; Dzogbewu and du Preez, 2021).
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Figure 2.14. Schematic diagram of potential antibacterial activity of Cu?* from Ti-Cu alloy (Liu
et al., 2016).

Liu et al. (2018) demonstrated that Ti-5 mass% Cu had strong antibacterial and anti-biofilm
properties against oral bacteria, such as Porphyromonas gingivalis and Streptococcus mutans
(Figure 2.15). After 24 hours, the Ti-Cu surface showed smaller bacterial clusters and lower
population densities of S. mutans (Figure 2.16(b)) and P. gingivalis (Figure 2.16(d)) than pure
titanium (Liu et al., 2016). Additionally, bacterial cells on the Ti-Cu surface displayed abnormal
morphology, with signs of internal leakage, suggesting potential damage due to surface

interaction.

To assess the vitality of the biofilms, DAPI (4',6-diamidino-2-phenylindole) was used as a
marker for live cells (Liu et al., 2016). This cell-permeable fluorescent dye binds to double-
stranded DNA, forming a stable fluorescent complex, which allows the live cells to be seen.
The Ti-Cu surfaces exhibited less DAPI staining than commercially pure titanium (CP-Ti) for
both S. mutans (Figure 2.15(e), (f)) and P. gingivalis (Figure 2.15(g), (h)), indicating reduced
cell viability on the Ti-Cu surfaces. The Ti-5Cu (mass%) alloy demonstrated effective and long-
lasting bactericidal activity against S. mutans and P. gingivalis, which is crucial in decreasing
biofilm development, inflammatory response and bone defects. The alloy reduced bacterial
adherence and biofilm development, was biocompatible and released little Cu?*, significantly

less than the minimum daily intake of Cu (WHO, 1982; Liu et al., 2016).
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P. gingivalis

Figure 2.15. SEM-SE micrographs (a, b, ¢, d) and DAPI images (e, f, g, h) of S. mutans and P.
gingivalis on Ti and Ti-5Cu alloy surface after 24-hour co-culture showing damaged cells (white
arrows) on the Ti-Cu alloy, while cells on the Ti surface had normal morphology (red arrows)

(Liu et al., 2016).
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Ren et al. (2014) studied the corrosion and cell viability of as-cast Ti-6Al-4V-xCu (where x =1 -
5 mass% Cu) and found that adding Cu produced alloys with antibacterial properties, showing
a reduction in bacterial growth, good corrosion resistance and cytocompatibility. The
antibacterial properties were attributed to the preferential release of copper ions due to
galvanic corrosion between the Ti,Cu intermetallic phase and the a+B matrix. The
antibacterial properties of copper were also investigated by adding it to the commonly used
o+ Ti-6Al-4V alloy (Bolzoni and Yang, 2019). They found adding Cu could lower infection rates
associated with surgical implants due to the release of Cu ions. Titanium-copper alloys have
good corrosion resistance due to the formation of TiO, on the surfaces, although they are not

immune to corrosion (Hu et al., 2012; Masia et al., 2021; Dyal Ukabhai et al., 2022).

Corrosion causes the copper content to decrease, with released Cu ions into the electrolyte
(Xin et al., 2022). The Ti-xCu (x = 0.5, 1, 2, 5 and 10 mass% Cu) alloys demonstrated good
mechanical, anti-corrosion and antibacterial properties (Zhang et al. 2016b). Zhang et al.
(2013) and Lui et al. (2014) showed that the Ti-Cu alloys had greater corrosion resistance than
CP-Ti. Figure 2.16 shows that corrosion rates reduced as Cu content increased (Liu et al.,
2014a). The Ti-Cu alloys require a minimum Cu content of 3 mass% to achieve effective
antibacterial properties (Wang et al., 2019), while others suggest that at least 5 mass% is
needed for optimal antibacterial properties (Liu et al., 2014a; Ma et al., 2016; Zhang et al.,
2016a). Additionally, Ti-Cu alloys with at least 3-5 mass% Cu had sufficient Ti,Cu to exhibit
excellent antimicrobial properties (Zhang et al., 2013; Zhang et al., 2016a, 2016b; Wang et al.,
2019). Although TiCu improved mechanical strength and antibacterial properties, it
decreased ductility (Lui et al., 2014; Zhang et al., 2016b). Chang et al. (2020) found that
acicular Ti>Cu precipitates in Ti-5Al-2.5Cu formed at the grain boundaries had twice the

antibacterial activity.

Spotose (2023) developed the Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloy as a potential (a+p)
titanium alloy for dental applications. The Ti-6Al-4V, a widely used (a+B) alloy and Ti-10.1Ta-
1.7Nb-1.6Zr alloy (Stenland et al., 2025) were used as references, with aluminium and
vanadium replaced by non-toxic elements to maintain phase proportions. The Ti-6Ta-1.5Zr-
0.2Ru-5Cu (mass%) alloy was cast and had the targeted phases a, § and Ti,Cu, with hardness

values comparable to Ti-6Al-4V (Spotose, 2023). Figure 2.17 shows the microstructure of Ti-
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6Ta-1.5Zr-0.2Ru-5Cu (mass%), with retained BTi surrounded by fine lath-like structures
(Spotose, 2023).
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Figure 2.16. Corrosion results of Ti—Cu alloys with different Cu contents: (a) OCP and (b) Tafel
curves (Liu et al., 2014a).

Spotose (2023) added Ta as a B-stabilising element to replace V (Chandrasekaran and Xia,
2005), while Zr was added as a solution-hardening element, improving both the material’s
strength and corrosion resistance by the formation of a protective passive film (Eisenbarth et
al., 2004; Nagay et al., 2022). Ruthenium, a non-toxic metal, was also added to enhance
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corrosion resistance (Allardyce and Dyson, 2001). In dental implants, corrosion resistance is
important due to the presence of various electrolytes and corrosive species in the mouth. To
evaluate the corrosion resistance of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloy, testing was
performed in phosphate-buffered saline (PBS) solution (Spotose, 2023) and the corrosion rate
was below 0.13 mm/year, which is the recommended corrosion rate for biomedical
applications (Bhola et al., 2011). Furthermore, copper was added to improve the alloy's

antibacterial properties, as copper promotes antimicrobial activity in titanium alloys (Liu et

al., 2014b; Zhang et al., 2016a).

opm ENT= 2000 %V Sigral A« NTS 8SD Dete: 30 Mar 2021 2pm EMT = 20,00 kV Sigral A« NTS 8SD Date: 30 Mar 2021
W 79 mm Mecse S2KY Tima 120250 W= 7K mm Mase 1O0OKY Tioma 122196

Figure 2.17. SEM-BSE images as-cast Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) (Spotose, 2023), (a) low
magnification showing (aTi) needles (dark), (BTi) matrix (medium) and (b) high magnification
Ti>Cu (white arrow).

2.2 Additive Manufacturing

2.2.1 Additive manufacturing Methods

Additive manufacturing methods are classified according to the nature and the overall
condition of the feedstock and by the binding mechanism between the joined layers of
material (Gebhardt, 2007). In metal AM, a powder feedstock or wire is melted by the energy
input of a laser or electron beam and transformed layer by layer into a solid part of nearly any
geometry (Herzog et al., 2016). The AM process is divided into two categories: powder bed

fusion and directed energy deposition (DED) (Figure 2.18). Powder bed fusion (PBF) uses an

32



electron or laser beam to fuse and sinter metallic powders layer by layer in a pre-paved
powder bed (Figure 2.18(a)). Examples include laser beam melting (LBM), electron beam
melting (EBM) and laser metal deposition (LMD) (Murr et al., 2012; Sing et al., 2016). The LBM
process is also known as selective laser melting (SLM) (Herzog et al., 2016) or laser powder
bed Fusion (LPBF) (Yadroitsev et al., 2021). In DED, a high-energy beam, such as a laser or
electric arg, is directed coaxially with metallic powder or wire to melt layers on a substrate,
building them layer by layer. Examples include laser-engineered net shaping (LENS) and wire
arc additive manufacturing (WAAM) (Saboor et al.,, 2017) (Figure 2.18(b)). The main

parameters between PBF and DED are summarised in Table 2.7 (Liu et al., 2022).

(a) Powder bed fusion (b) Directed energy deposition

High energy beam
Iaser/electnc arc)
® Nozzle

High energy beam
(laser/electron beam)

Powder bed g Meltpool Powder feed —>
\ .
3D component 3D component
Substrate Substrate

Figure 2.18. Schematic diagrams for additive manufacturing: (a) powder bed fusion (PBF) and
(b) directed energy deposition (DED) (Liu et al., 2022).

Printing of AM Ti-6Al-4V, particularly by EBM and LMD, achieved over 99% theoretical density
with optimal processing parameters (Yan and Yu, 2015). This high density was achieved by
solidification from liquid, rather than conventional sintering, as shown in the time-
temperature-transformation (TTT) diagram in Figure 2.19. The diagram shows how cooling
rates and oxygen levels affect phase formation, which is essential for understanding the
phases formed during manufacturing and tailoring the microstructural properties of AM Ti-

6AIl-4V components (Malinov et al., 2000).
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Table 2.7. Parameters of fusion-based additive manufacturing techniques (Liu et al., 2022).

AM Powder bed fusion Directed energy deposition
Techniques SLS EBM LENS WAAM
Parameters Laser Electron beam | Laser power, | Wire diameter,
power, scan | power, scan | power feed | Wire feed rate,
speed, speed, Hatch | rate, scan | travel speed
Hatch spacing, layer | speed, hatch | and arc power.
spacing and | thickness and | spacing and
layer pre-heat layer thickness.
thickness temperature
Output power (W) 100 - 600 500 - 3000 1000 - 3000 1000 - 5000
Beam spot size (mm) | 0.04 - 0.5 04-1 1-3 1-10
Characteristics size | ~0.1 ~0.1 ~0.1 ~1
of the melt pool
width.
Temperature 103 - 10* 10%-10° 102 - 104 10-200
gradient (K/mm)
Cooling rates (k/s) 10°- 107 103-10° 103-10% 10%-10°
Main feature High Vacuum Multi-material | High deposition
precision chambers help | printing rates allow
and broad | reduce residual | enables the | fabrication of
applicability | stress fabrication of | large
large components
components

The microstructure of Ti-6Al-4V produced by electron beam melting (EBM) consisted of

coplanar a and B phases with colony and basketweave morphologies within columnar prior 8

grains (Al-Bermani et al., 2010; Kok et al., 2015). The o’ martensite, which enhanced strength

and hardness, was also present (Figure 2.20) (Al-Bermani et al., 2010; Kok et al., 2015).

Controlled microstructure, process optimisation and controlled cooling rates in EBM ensure

uniformity throughout the built component, resulting in consistent mechanical properties. In

contrast, laser metal deposition (LMD) produces a+B or a martensite needles within B grains

(Figure 2.16), but the sizes are non-uniform and vary along the build direction due to higher

cooling rate gradients than EBM (Liu and Shin, 2019). As a result, LMD-fabricated Ti-6Al-4V

exhibited significantly higher strength due to its finer microstructure (Thomas et al., 2016).
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Figure 2.19. Time-temperature-transformation (T-T-T) curves for Ti-6Al-4V: open squares =
0.05 mass% O, circles = 0.1 mass% O, crosses = 0.2 mass% O, solid line from empirical data,
showing oxygen content reduced Ms (Yan and Yu., 2015).

Rashid et al. (2022) studied the mechanical properties of Ti-6Al-4V made by LMD and EBM,
finding that both techniques gave similar-sized columnar prior B grains (Figure 2.20). However,
differences in cooling rates gave distinct a morphologies, which affected hardness. In the LMD
sample, the bottom layers had the finest a laths, giving higher hardness due to restricted slip
length and solid solution strengthening from V in (BTi). Hardness gradually decreased along
the build direction as the a laths coarsened. In contrast, the EBM sample showed consistent
a lath widths throughout the build, resulting in more uniform hardness. Despite comparable
a lath widths in the middle and top regions, the LMD sample was slightly harder than the EBM

sample, due to the faster cooling rates and residual strains associated with LMD.
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Figure 2.20. SEM-BSE images of Ti-6Al-4V fabricated using laser metal deposition (LMD) and
electron beam melting (EBM) in three layers: (a-c) LMD (bottom, middle, top) and (d-f) EBM
(bottom, middle, top), showing basketweave morphology (red ellipses) and colony
morphology (yellow ellipses). The acicular phase shown (white arrow) in the bottom layer of
the LMD sample. (Rashid et al., 2022).

The higher tensile strength of LMD samples than EBM samples was also attributed to a high
dislocation density in (aTi) of the LMD samples, which can introduce barriers along slip planes
and increase resistance to dislocation motion, thus enhancing strength and work hardening
(Rashid et al., 2022). Conversely, EBM samples had more colony-type a+B morphology,
resulting in a more gradual decrease in the hardening rate (do/de) than LMD samples. The
high dislocation density in the deformed (aTi) of LMD samples led to hardening saturation,
where entangled dislocations created barriers that limited further dislocation movement
(Kocks and Mecking, 2003). Once saturation was reached, strain localisation occurred, leading

to premature failure by shear band formation (Figure 2.21) (Rashid et al., 2022).
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Figure 2.21. SEM-BSE micrograph of LMD showing shear band formation (Rashid et al., 2022).

To enhance the performance of Ti-6Al-4V manufactured by EBM or LMD, several strategies
can be implemented. For LMD-manufactured alloys, reducing hardness gradients by
controlled heat treatments is crucial, while ensuring these treatments do not compromise
overall hardness (Rashid et al., 2022). Although these alloys exhibit optimal strength and
hardness, improving ductility requires minimising pore volume and increasing the colony-type
o+ microstructure. Conversely, EBM-manufactured alloys, are known for their homogeneous
microstructures and uniform mechanical properties. To further enhance their strength,
strategies aimed at enhancing strength without increasing cooling rates are preferred, as
higher cooling rates lead to undesirable microstructural changes that negatively affect

material performance.

Laser metal deposition (LMD) is a family of AM techniques that includes LPBF, which was first
proposed in the early 1990s (Yadroitsev et al., 2021). The process was called selective laser
sintering (SLS) in 2001 rather than LPBF (Ni et al., 2019). In LPBF, a high-powered laser melts
metal powder layer by layer, building parts directly from a 3D model within a vacuum or inert
gas to prevent oxidation (Yadroitsev et al., 2013). The LPBF process is known for producing
highly detailed, complex geometries with excellent surface finish and accuracy, making it ideal
for high-strength parts in aerospace, automotive and biomedical applications (Ni et al., 2019).
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Its finer microstructure results in enhanced tensile strength. However, LPBF has limitations,
including slower build rates, higher costs and problems with porosity and residual stresses (Ni
et al., 2019). Despite these, it remains valuable for industries requiring high-performance,

complex parts. Other examples of LMD are summarised in Table 2.8 (Ni et al., 2019).

2.2.2 Feedstock preparation

The preparation of feedstock powder particles is essential for the LPBF process, as powder
purity and quality determine the quality of the manufactured components. Features that are
affected by the powder feedstock's quality include: (i) defects in the components, (ii)
consistency between builds and (iii) reproducibility across AM machines (EPMA, 2019).
Spherical powders are preferred for LPBF to improve flowability, enable uniform layer
spreading and enhance loose packing density (Anderson et al., 2018; Yadroitsev et al., 2021).
In LPBF, powder properties such as thermal conductivity, flowability and melting point affect
process parameters like laser power and scanning speed, which in turn affect the final build

quality (Yadroitsev et al., 2021).

Metallic powders are produced using various methods, one of which is atomising solid metallic
feedstock (Yadroitsev et al., 2021). During atomisation, the metal is melted and passed
through a nozzle, where a high-pressure fluid jet rapidly strikes the nozzle's end, breaking the
metal into fine particles, as shown in Figure 2.22 (Yadroitsev et al., 2021). The methods differ
in the atomisation medium: gas, water, and plasma. Characteristics of each medium are
summarised in Table 2.9 (Anderson et al., 2018). The type of fluid used in atomisation affects
the powder characteristics. Water jets cool the metal rapidly, producing less spherical particles
with wider size distributions (Dawes et al., 2015; Yadroitsev et al., 2021). In contrast, inert gas
jets create more uniform, spherical particles. Powders from gas or plasma atomisation are
more uniform and spherical, with a narrower size distribution (Dawes et al., 2015; Yadroitsev

et al., 2021).
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Figure 2.22. Schematic diagram showing powder atomisation (Yadroitsev et al., 2021).

Plasma atomisation involves rapidly heating the feedstock material inside the nozzle, unlike
gas and water atomisation, which atomises molten metal (Dawes et al., 2015; Yadroitsev et
al., 2021). Plasma atomisation offers two key advantages: feedstock material can have smaller
volumes, such as wire or powder, which melts faster than larger ingots or bars and the metal
spends less time at high temperatures, reducing the potential for chemical reactions with the

surrounding atmosphere (Dawes et al., 2015; Yadroitsev et al., 2021).

The LPBF process requires powder to be uniformly spread across the substrate, ensuring a
high packing density (Vanock et al., 2019). Particles of ~1 to ~2 um are difficult to evenly
distribute across a substrate as they easily agglomerate. Conversely, coarse powders of >60
um, can form a thick layer and require a larger focal spot (Yadroitsev et al., 2021). This can
result in decreased manufacturing accuracy and increased porosity, which impairs the
mechanical properties of the final parts (Yadroitsev et al., 2021). To produce a high-quality
part with maximum density and minimal porosity in LPBF, the powder particles should be fine
and within 15 - 45 um. This particle size range ensures the proper layer thickness during the
process, which is crucial for achieving optimal build quality (Sutton et al.,, 2017).
However, AMAZEMET (AMAZEMET, 2022) can atomise powder using ultrasound, and the

powder may have a size range of 10 - 100 um.
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Table 2.8. Summary of Powder Bed fusion methods for biomedical applications (Ni et al., 2019).

isotropic performance

Technique name Applicable Processing parameters Advantages Limitations
metals
Selective laser sintering (SLS) Ti alloys, Co-Cr, | Powder laser sintering in Ar/N2, COz laser (9.2 — | Wide material range, high material | Porous internal structure and rough
stainless  steel, | 10.8 um), unidirectional/bidirectional scan utilisation, no support structures surface finish require post-processing;
Ni-Ti precision limited by particle size
Selective laser melting (SLM) Almost all metal | Laser melting, 10-45 um powder, inert Ar/N2, | Customisable part properties, low | Expensive, slow process, limited speed
alloys unidirectional/bidirectional scanning direct cost
Laser direct metal deposition | Almost all metal | Nd:YAG/fibre laser (1.064 — 1.09 um), 20 — 200 | Reduced assembly time, good | Size restriction, low dimensional
(LDMD) alloys um powder, inert Ar/N2, various scan modes mechanical properties, low | accuracy
roughness
Selective  electron beam | Almost all metal | Electron beam, vacuum chamber, He gas, 45 — | High density, high strength, fewer | Vacuum required, poor surface finish,
melting (SEBM) alloys 106 um powder, spot mode impurities, brittle material | post-processing, expensive
fabrication
Laser-induced forward transfer | Cr, W, Au, Ni, Al | Pulse laser/layer Small-scale production, | Low accuracy, small-batch production
(LIFT) simultaneous multiple parts only
Atomic  diffusion  additive | Stainless steel, Ti | Metal powder wrapped in a plastic binder High accuracy (95-99% density), | Long lead times for strong parts.
manufacturing (ADAM) alloys low cost, high-quality surfaces,

jetting

simple operation

Nanoparticle jetting (NPJ) Ti alloys Inkjet nozzle, metal nanoparticles in liquid ink High production speed, low cost, | Lower temperature tolerance than
high resolution (1 um), excellent | conventional metal 3D printing
surface finish

Inkjet 3D printing (3DP)/binder | Ti alloys Fine water jet/metal powder binder Low cost, wide material range, | Low precision
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Table 2.9. Characteristics of powder atomisation medium for LPBF (Anderson et al., 2018).

PSD

Manufacturing Particle size | Advantages Disadvantages Metal used
process (um)
Water atomisation 0-500 Converts ingots to a | Post-processing required to | Non-reactive

range of particle | remove water due to | metals

sizes, enabling | irregular particle

material morphology, such as

customisation satellites, wide particle size

distribution (PSD) with low
yield in 20 — 150 um range

Gas atomisation | 0—500 EIGA allows wide | Wide PSD, satellites, low | Ni, Co, Fe, Ti
(Including Electrode range of alloys, | powder yield for 20 — 150 | (EIGA), Al
Induction Melting Gas requires only ingot- | um
Atomisation (EIGA) form feedstock, high

throughput with

various particle sizes.

Effectively processes

reactive powders,

produces spherical

particles.
Plasma atomisation 0-200 Highly spherical | Requires wire or powder | Ti (Ti-6Al-4V most

particles feedstock. High cost common)
Plasma rotating | 0—100 High-purity and | Low productivity and high | Ti
electrode process highly spherical | cost

powders
Centrifugal 0-600 Wide range of | High cost: Requires very | “Exotics”, Solder
atomisation particle sizes, narrow | high speed for fine powder | pastes, zinc from

alkaline batteries,
Ti, steel shot

Ultrasound liquid atomisation was introduced in 1927 and Stamm (2019) reported the first

use of this technique to produce metal powders in 1964 (Lierke and Griesshammer, 1967). It

uses ultrasonic vibrations to create Rayleigh wave instability, resulting in the formation of

small liquid droplets which cool into solid metal powder (Sun et al., 2017). Lierke and

Griesshammer (1967) used vibrational frequencies up to 0.8 MHz to atomise metals with

melting temperatures up to 700°C. This process can produce high-quality powders at lower

costs than gas and plasma atomisation (Sun et al., 2017). The powders are more spherical than

from gas atomisation as shown in Figure 2.23. The components of the system include an

ultrasonic stack, an arc-melting system and a vacuum chamber as shown in Figure 2.24.
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Figure 2.23. SEM-SE images of: (a) <50 um particle size ultrasonically atomised powder and
(b) gas-atomised powder (Zrodowski et al., 2021).

Ultrasound atomisation is a solid-to-liquid process that can be used to melt non-reactive or
low-melting-point materials in a crucible (e.g. Sn, Zn, Mg, Pb and Al alloys), or metals can be
poured into the vibrating element or melted directly into the sonotrode for highly reactive or
high-melting-point materials (e.g. Fe, Ti and Pt-based alloys) (AMAZEMET, 2022). The basis of
ultrasonic atomisation depends on the material's surface wettability and the amplitude of
ultrasonic vibrations (Lierke and Griesshammer, 1967). As the amplitude increases, the liquid
droplets become smaller. Additionally, both the frequency of the ultrasonic waves and the
properties of the liquid affect the droplet size. These liquid droplets are ejected from the melt

within the thin film of liquid on the sonotrode surface (AMAZEMET, 2022).

Ultrasound atomisation operates at a lower pressure (~1.1 bar) than gas atomisation (15 - 60
bar), leading to reduced costs and smaller volumes (Batasz et al., 2023). It is also cost-effective
and fast, as it produces droplets at lower speeds, making it suitable for manufacturing small
to medium quantities of high-end or customised alloys (Batasz et al., 2023). Ultrasonic
atomisation reduces residual porosity in metal powders, enhancing their quality and making
them suitable for high-performance applications, such as those involving titanium alloys
(Tammas-Williams et al., 2017; Batasz et al., 2023). Reducing porosity minimises the need for

expensive post-processing techniques, such as hot isostatic pressing (HIP) (Batasz et al., 2023).
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Figure 2.24. Process diagram and experimental set-up: (a) material feedstock and (b) (1) Au-
based alloy earrings, (2) AMZ4 (Heraeus GmbH) Zr-based metallic glass, (3) slabs of Ni-Mn—
Ga magnetocaloric alloy, (4) forged equiatomic Fe—Cr—Mn—Ni high entropy alloy, (5) AISI 304
steel as a M10 bolt, (6) Grade 2 titanium porous implant (Zrodowski et al., 2021).

Compared to gas atomisation, ultrasonic atomisation has a narrow particle size distribution
which allows up to 80% of the produced powder to be used (AMAZEMET, 2022). The ultrasonic
frequency used is the main factor that determines the PSD of the final powder. For LPBF,
powder with an average particle size (Dso) of 45 — 60 um can be produced at a frequency of
40 kHz and an electric arc or concentrated plasma is used to carry out the atomisation under
inert argon gas (Zrodowski et al., 2021). The powder that is produced is collected in an airlock
container which is sealed in argon to prevent contamination, as reactive metals like titanium

are sensitive to oxygen and moisture, and for safe handling.
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2.2.3 Laser powder bed fusion

2.2.3.1 Properties of LPBF

Laser power bed fusion (LPBF) was invented in 1986 by Carl Deckard and Joe Beaman (Beaman
et al., 2020; Yadroitsev et al., 2021). High degrees of freedom provided by LPBF enable the
construction of objects with distinctive geometries and intricate internal structures (Tofail et
al., 2018). Also, LPBF can produce complex and customised gradient structures by integrating
multiple materials into a single, fully functional part (Yadroitsev et al., 2021). These features
are extremely advantageous and have encouraged the rapid development of this technology
and its widespread acceptance in several industries recently (Tofail et al., 2018). Laser powder
bed fusion can create parts with varying material properties (gradient structures) within a
single build, tailoring areas for specific strengths or flexibility (Yadroitsev et al., 2021). It
combines multiple components into one functional piece, reducing assembly and improving
durability. Figure 2.25 shows the LPBF part-making process, from CAD design to machine set-

up and laser-material interaction (Yadroitsev et al., 2021).

The LPBF process may be affected by more than 130 input parameters, e.g., build environment
parameters (shield gas properties), laser beam properties (mode and wavelength), materials
properties (e.g., density, melting point, thermal conductivity, particle size distribution and
absorption coefficient of laser radiation) (Rehme and Emmelmann, 2005). Laser power, focus
spot diameter, scanning speed, powder layer thickness and atmospheric oxygen content are
all variable or controlled system parameters (Rehme and Emmelmann, 2005). Figure 2.26
shows the four main parameter categories that affect LPBF component quality (Yadroitsev et
al., 2021): machine-based, material-based, process and post-treatment parameters. The LPBF
machine operator must possess the skills and knowledge to perform all these activities and
interactions with the LPBF system, including proper handling of powder, parameter selection

and building strategies.
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Figure 2.25. Process flow diagram for creating parts with LPBF, including designing in CAD, setting up the LPBF machine and laser-material
interaction process (Yadroitsev et al., 2021).
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Figure 2.26. Main parameters affecting the quality of LPBF components (Yadroitsev et al., 2021).
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The LPBF process offers high precision and flexibility, enabling the production of intricate parts
with fine details that are difficult to achieve using conventional methods (Yadroitsev et al.,
2021). This precision is achieved by controlling laser energy and powder distribution, allowing
for complex geometries and fine features (Tofail et al., 2018). It also produces parts with high
material density and excellent surface finish, making it ideal for aerospace, medical and
automotive applications (Yadroitsev et al., 2021). Additionally, it can create fully dense parts
without additional support, reducing material waste and enhancing sustainability (Rehme and
Emmelmann, 2005). The LPBF process's ability to work with various materials, such as metals
and composites, increases its potential for creating advanced components. Additionally,
ongoing improvements in machine speed and material properties are expanding the

technology's applications (Tofail et al., 2018)

2.2.3.2 Optimisation of printing parameters of LPBF

The development of guidelines for optimising parameters has allowed the production of high-
quality, defect-free components with improved mechanical properties (Carrozza et al., 2021).
Understanding the relationships between processing parameters, geometry and the resulting
microstructure is important, as the microstructure directly affects the mechanical and physical
properties, therefore affecting the performance of LPBF-manufactured parts (Yadroitsev et al.,

2021; Svetlizky et al., 2022).

To understand how laser power and scan speed parameters affect the LPBF components,
linear energy density (LED), which is the ratio of laser power to the deposition scan speed was
used (Gonnabattula et al., 2024). The geometry of the melt pool, rate of heating and cooling
and thermal dynamics (referring to the heat flow and temperature changes during the
process) were all affected by linear energy density, which affected the microstructure and
mechanical properties of the produced parts (Gu et al., 2012). For a given laser power and
scan speed, using a finer laser spot size locally concentrated the heat source, which may have

produced more energy than larger spot size lasers.

Planar Energy Density (PED, ratio of laser power to scan speed and beam diameter) provides
a better knowledge of the deposition than LED (Gonnabattula et al., 2024). Planar energy

density plays an important role in component design, as it directly affects the melt pool
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geometry (width and depth) and stability, which are essential for producing defect-free parts.
Adjusting PED allows control over melt pool shape and dimensions, ensuring strong adhesion
between the printed tracks and the substrate, while preventing problems like porosity and
cracking. Optimising PED is important to achieve desired component properties and ensure

consistent quality throughout the build process.

In LPBF, single tracks are printed to evaluate the effect of different combinations of process
parameters on the microstructures and geometrical characteristics (Gonnabattula et al.,
2024). The basic structural unit of 3D LPBF objects is a single track; several single tracks
combine to form a single layer, and many single layers form a three-dimensional object. This
method assists in identifying the optimum process parameters that can be used subsequently
to fabricate complex parts. Most of the research on process parameter optimisation uses a
laser spot size of at least 1 mm. The efficiency of deposition is affected by the laser's spot size,

which is critical to developing process maps for each time a different type of laser is used.

The main contributing factors to the deterioration of the surface topography along the single-
track profile are the adhesion of partially melted powder particles and ripple development
(Simson and Subbu, 2022) as shown in Figure 2.27. Ripples are small, periodic surface
distortions along the laser scan path, caused by fluctuations in the laser's interaction with the
powder bed or rapid thermal cycles during printing. These distortions can impair the surface
finish and overall quality of the part. Simson and Subbu (2022) formed tracks successfully with
continuous deposition and homogeneous track width when the LED was >0.22 J/mm. At
constant LEDs of 0.25 J/mm, the number of particles stuck to the surface reduced as laser
power and scanning speed increased because when scanning speed increased, the lateral
border solidified quickly (Simson and Subbu, 2022). The surface topography of a single track

with constant LED power and scanning speed is shown in Figure 2.28.
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Figure 2.27. SEM-SE image of single-track showing adhered partially melted powder particles
and solidification ripples (Simson and Subbu, 2022).

A laser beam, powder and substrate system involve energy absorption, reflection, radiation,
heat transfer, phase changes, fluid movement from surface tension gradients and mass
transfer within the molten pool and chemical reactions (Yadroitsev et al., 2013). Process
parameter changes can lead to several unfavourable outcomes, including irregular sintered
tracks (Niu and Chang, 1999) and balling (Tolochko et al., 2004). Manriquez-Frayre and Bourell
(1991) defined balling as molten material solidifying as spherical droplets (balls) rather than
forming smooth, flat surfaces. Rayleigh identified this phenomenon, also known as Plateau-
Rayleigh capillary instability, as the tendency of a liquid cylinder to minimise surface area, by
causing the melt pool to fragment into a series of droplets (Rayleigh, 1878; Yadroitsev et al.,

2021).
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Figure 2.28. SEM-SE images showing the effect of laser power and scanning speed on single-
track surface topography at constant LED (Simson and Subbu, 2022).

Figure 2.29 shows balling (Yueling et al., 2018). Mumtaz and Hopkinson (2010a) identified the
satellite molten droplets (small droplets that form around and on the main molten track)
(Figure 2.30) as surface defects. If these droplets are not fully integrated into the molten track
during solidification, they can cause porosity and increase surface roughness, leading to

imperfections and reducing the quality and mechanical properties (Mumtaz and Hopkinson,
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2010a). Yadroitsev et al. (2013) recognised that each metal powder has specific process

parameters that determine whether the tracks formed are stable or unstable.
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Figure 2.29. SEM-BSE images of single-track surface morphologies at varying scanning speeds
(V) and laser powers (P), with white circles showing balling (Yueling et al., 2018).
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Figure 2.30. SEM-SE images of top views of single tracks on the substrate for 80°C and 900°C
preheating at 0.12 m/s scanning speed, with white arrows indicating satellites (Yadroitsev et
al., 2013).
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2.2.4 Additive Manufacturing in Biomedical Applications

Additive manufacturing (AM), or 3D printing, was established in the 1980s (Ahangar et al.,
2019). As defined by ASTM (2009), AM is the process of joining materials to create objects
from 3D model data, typically layer by layer, in contrast to subtractive manufacturing, which
involves cutting, hollowing, or removing parts from a block, bar or rod (ASTM, 2009; Yadroitsev
et al., 2021). The core concept of AM is the use of computer-generated models as a guide for
material layer deposition in three dimensions (Ahangar et al., 2019). Other terms for additive
manufacturing include additive fabrication, additive techniques, additive layer manufacturing,
layer manufacturing and freeform fabrication (Yadroitsev et al., 2021). Additive manufacturing
has recently gained prominence as a cost-effective method for fabricating geometrically
complex objects (Ahangar et al., 2019), particularly in biomedical engineering, where complex

shapes are required and difficult to achieve using conventional techniques.

Dental implants are small with complex shapes and are expensive to manufacture using
conventional casting and powder metallurgy methods (Saha and Roy, 2022). Multiple steps in
conventional machining make it difficult and time-consuming to modify a finished product
(zadpoor, 2017). During these processes, titanium alloys such as Ti-6Al-4V are reactive, leading
to material loss due to oxidation and degradation as they tend to form oxides or degrade due
to chemical reactions. Additionally, titanium alloys like Ti-6Al-4V are less deformable, making
them difficult to shape. However, AM can produce complex shapes for metallic implants (Ryan
et al., 2021). Customised 3D-printed implants have favourable surgical outcomes, reducing

hospital stays, operation times and medical costs (Ni et al., 2019).

The medical industry’s supply chain has been enhanced by AM, which integrates mass
production with tailored fabrication, using scanning and imaging technologies to provide
quick, affordable and efficient medical treatment solutions (Ni et al., 2009). The AM
technologies offer the potential to control the internal shape or microarchitecture of the
generated implants (Figure 2.31) (Zadpoor and Malda, 2017). Other geometrical features,
such as the sign and intensity of curvature, affect tissue regeneration rates, positively affecting
integration (Zadpoor and Malda, 2017). Tan et al. (2017) demonstrated that porous titanium
alloys have high implant success due to their promotion of human bone cell formation,

creating strong twist-locks between implants and bone.
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Porous Ti-based implants have lower elastic moduli, enhancing better stress transfer between
bone and implant (Li et al., 2014). The pores promote biological fixation by allowing bone to
grow into the implant's structure, while interconnected pore structures support stable blood
flow for new bone tissue (Li et al., 2006). The interconnectivity also aids in the circulation of
other bodily fluids. High porosity is crucial for promoting cell viability, adhesion, growth and
differentiation (Li et al., 2006; Li et al., 2014), although increased porosity can reduce yield

strength and tensile strength (Li et al., 2014).

Figure 2.31. AM manufactured Ti-6Al-4V femur (Zadpoor and Malda, 2017).

2.3 Literature review summary and the design of this project

The literature review showed the potential of Ti-Cu alloys in additive manufacturing for dental
applications, showing their ability to enhance biocompatibility, antibacterial properties and
mechanical strength (Liu et al., 2014). Titanium alloys, particularly Ti-6Al-4V, have been widely
used in biomedical applications due to their high strength, corrosion resistance and
biocompatibility, which are critical for dental implants (Leyens and Peters, 2003). However,
this alloy has concerns due to the cytotoxicity of aluminium and vanadium, which can pose
health risks when released into the body (Morais et al., 2007; Palmquist et al., 2009; Li et al.,
2014).
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The addition of copper to titanium alloys has shown significant antibacterial properties,
attributed to the Ti,Cu phase (Zhang et al. 2013). This phase reduces biofilm formation and
bacterial adhesion, particularly against oral pathogens like Streptococcus mutans and
Porphyromonas gingivalis, which are common causes of implant-related infections (Liu et al.,
2016). Liu et al. (2014b) and Zhang et al. (2016a) showed that 3 - 5 mass% copper is necessary
to achieve optimal antibacterial effects while maintaining mechanical properties. However,
excessive copper content can reduce ductility (Kikuchi et al., 2003; Liu et al., 2014; Zhang et
al., 2016b), and optimising copper content and processing parameters is essential to balance
antibacterial properties. Ruthenium is added in smaller amounts to increase the corrosion
resistance without changing its microstructure (Schutz, 1996; Spotose 2023). The Ti-6Ta-1.5Zr-
0.2Ru-5Cu (mass%) alloy, developed by Spotose (2023) as a promising (a+pB) titanium alloy in
its as-cast state, was selected for the current study to evaluate whether it retains similar

properties when produced by additive manufacturing.

Additive manufacturing (AM) techniques, particularly laser powder bed fusion (LPBF), have
proven effective for fabricating Ti-Cu alloys (Ni et al., 2019). These methods enabled control
of microstructure, mechanical properties and customisation of complex geometries, making
them ideal for dental implants. AM also allows for controlled porosity, which promotes
osseointegration, a critical factor for implant stability and longevity (Ni et al., 2019; Zadpoor

and Malda, 2017).

To manufacture alloys using AM requires powder atomisation to ensure spherical particles
with a uniform size distribution for consistent layer spreading and minimising defects (Sutton
et al., 2017). Ultrasound atomisation was chosen because it offers control over particle size
and distribution. It is more energy-efficient than gas and water atomisation, as it does not rely
on high-pressure gases or water jets (Ni et al., 2019; Zrodowski et al., 2021). This method
provides better microstructure control, reducing porosity and inconsistencies, making it ideal
for biomedical implants. It is also suited for low-melting-point, viscous, and oxidation-sensitive
metals (Zrodowski et al., 2021; AMAZEMET, 2022). Additionally, ultrasound atomisation
minimises material waste and environmental impact, making it a cost-effective and

sustainable alternative to traditional atomisation techniques (AMAZEMET, 2022).

Additive manufacturing requires parameter optimisation to ensure high-quality, defect-free,
and reliable parts while improving efficiency and reducing waste. The single-track method
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enables direct assessment of process stability by observing how parameters like laser power,
scan speed and beam diameter affect track formation, wetting behaviour and defect
formation (Gonnabattula et al., 2024). It minimises material and energy waste by using small-
scale testing instead of full-layer prints, making parameter optimisation faster and more
efficient (Blakey-Milner et al., 2021). This approach provides valuable insights into melt pool
dynamics, ensuring defect-free builds and is particularly beneficial for new alloy development

in processes like LPBF.
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Chapter 3. Experimental Procedure

This chapter presents the experimental procedure used to characterise powders, manufacture
samples and evaluate the properties of the printed Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloy. The
methodology covers powder preparation, atomisation and sample production using laser
powder bed fusion (LPBF). Post-processing analyses, including microstructural, mechanical,
antibacterial and corrosion tests, were done to assess the alloy's suitability for biomedical

applications.
3.1 Powder manufacturing and characterisation

3.1.1 Powder Manufacturing

Pure elemental powders (Table 3.1) were mixed in the correct ratio for Ti-6Ta-1.5Zr-0.2Ru-5Cu
(mass%). A total mass of 100 g was mixed, and the powders were blended in a WAB T2C
Turbula mixer for 30 minutes to obtain a good mixture, followed by compaction with an
Instron 1175 testing machine with a maximum load of 70 kN and a crosshead speed of 20

mm/min.

Table 3.1. Powder specifications.

Element Purity (with | Size Company
trace metals)
Titanium 99.98% <45 um Labchem
Tantalum 99.99% <-60+100 mesh Labchem
Zirconium | 99.98% Average particle size: 2 - 3 um, packed in | Labchem
water
Ruthenium | 99.99% <45 pm Merck
Copper 99.99% <45 pm Merck

Ultrasonic atomisation was done using a rePowder system (AMAZEMET, Poland), Zrodowski
et al., 2021), with a molybdenum alloy sonotrode at 40 kHz, with fixed 155 A current and 100
- 130% amplitude of the sonotrode at 180 - 280 W, 7 L/min argon gas flow (to prevent
oxidation) and the blower set at 13 - 17% maximum power. The whole process was carried
outin an argon atmosphere. The powder produced was collected in an airlock container which

was sealed under argon for safe handling.
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3.1.2 Power Characterisation

A Malvern Mastersizer Hydro 200MU (at the University of the Witwatersrand) was used for
particle analysis and the average of the three runs was recorded before and after the
atomisation. The atomised powder was mounted in polyfast phenolic hot mounting resin with
carbon filler, ground on 1200 grit grinding paper, and polished to ~1 um to obtain the powder's
cross-sections. The cross-sections were characterised by scanning electron microscopy with
energy dispersive X-rays (SEM-EDX). The EDX was done on ten different cross-sectional areas

of 1 mm? to obtain the bulk composition.
3.2 Single tracks

3.2.1 Printing of the Single Tracks

Single tracks of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) atomised powder of 30 - 60 um size were
printed using an AconityMIDI system using different parameters (Table 3.2). The single tracks
were LPBF-printed on squares consisting of 20 layers of this alloy, on a 1 mm thick Ti-6Al-4V
disc used as the substrate, (Figure 3.1) to prevent the substrate melting and chemical
compositions changing. Subgroups of five single tracks, each with a different parameter
combination, listed in Table 3.3, were printed on eight supporting squares. also shows the
directions of argon gas for oxidation prevention, melting and recoating (the blade used to coat

a layer of powder during LPBF). Squares were cut to separate single tracks for analysis.

Single-track experiments were conducted across a wide processing window, following
parameter ranges of Wang et al. (2017) and equipment constraints, such as the laser power
and scan speed limits of the AconityMIDI equipment. The scan speed range was limited by
melt pool instability. Layer thickness and hatch spacing were selected to ensure a high
remelting ratio across layers along the build direction (Z-axis). The final parameters were
compared to parameters ranges of Wysocki et al. (2017) to ensure continuous and defect-free

melt tracks.

Table 3.2. Printing parameter ranges for the single tracks.

Laser Scanning speed Beam Linear energy Planer energy
power (W) (mm/s) diameter density density
(mm) (J/mm) (J/mm?)
120 - 280 200- 1200 0.08 - 0.36 0.120-0.788 | 0.600-9.844
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Table 3.3. Parameters for printing single tracks.

Laser Scanning Beam Linear energy | Planar energy

power (W) speed diameter density density

(mm/s) (mm) (3/mm) (3/mm?)

Number

171 600 0.08 0.285 3.563
171 400 0.08 0.428 5.344
1 171 600 0.15 0.285 1.900
171 400 0.15 0.428 2.850
171 200 0.15 0.855 5.700
157.5 1200 0.08 0.131 1.641
157.5 1000 0.08 0.158 1.969
2 157.5 800 0.08 0.197 2.461
157.5 600 0.08 0.263 3.281
157.5 400 0.08 0.394 4.922
157.5 1200 0.15 0.131 0.875
157.5 1000 0.15 0.158 1.050
3 157.5 800 0.15 0.197 1.313
157.5 600 0.15 0.263 1.750
157.5 400 0.15 0.394 2.625
157.5 600 0.22 0.263 1.193
157.5 600 0.15 0.263 1.750
4 157.5 600 0.08 0.263 3.281
120 1000 0.15 0.120 0.800
120 1000 0.08 0.120 1.500
315 1200 0.08 0.263 3.281
315 1000 0.08 0.315 3.938
5 315 800 0.08 0.394 4.922
315 600 0.08 0.525 6.563
315 400 0.08 0.788 9.844
315 1200 0.15 0.263 1.750
315 1000 0.15 0.315 2.100
6 315 800 0.15 0.394 2.625
315 600 0.15 0.525 3.500
315 400 0.15 0.788 5.250
157.5 600 0.36 0.263 0.729
157.5 600 0.29 0.263 0.905
7 157.5 600 0.22 0.263 1.193
157.5 600 0.15 0.263 1.750
1575 600 0.08 0.263 3.281
280 1200 0.36 0.233 0.648
280 1200 0.29 0.233 0.805
8 280 1200 0.22 0.233 1.061
280 1200 0.15 0.233 1.556
280 1200 0.08 0.233 2.917
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Figure 3. 1. Photograph of the Ti-6Al-4V substrate disc with eight LPBF squares supporting five
horizontal single tracks each, showing directions of argon gas flow, melting and recoating.

3.3 LPBF-manufactured and as-cast samples: manufacturing and characterisation

3.3.1 As-cast manufactured sample

Elemental powders were weighed and mixed in the Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) ratio. The
mixture was melted under vacuum using the arc-melting module of rePowder and cast into
bars with dimensions of 62 mm in length and ~15 mm in diameter. Arc-melting was performed
in a cold crucible using a plasma arc to ensure compositional homogeneity. These bars were
prepared for subsequent processing by ultrasonic atomisation, which is described in Section

3.1.1.

3.3.2 Printing of LPBF-manufactured samples

The Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) cuboid (length 10 mm, width 10 mm and height ~1.2 mm)
samples were manufactured using the AconityMIDI system with the ultrasonically atomised
powder (Section 3.1.1). The samples were manufactured using the parameters listed in Table

3.4.

The 5 mm long tracks, with 0.1 mm overlap, were printed with the scanning direction against

the argon flow to ensure effective extraction of fumes and spatter. To achieve remelting,
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where the laser beam re-melts a previously solidified layer, the following parameters were
applied: 280 W laser beam, 3000 mm/s scanning speed and 0.08 mm beam diameter. After
fabrication, the cuboids were removed from the substrate using an electric cutter for further

analysis.

Table 3.4. LPBF process parameters for cuboid samples.

Laser Scanning | Beam Layer Hatching | Linear Planar Volumetric | Rotation
Powder | Speed diameter | thickness | (mm) energy energy | energy (°)
(w) (mm/s) (mm) (mm) density density | density

(J/mm) (J/mm?) | (J/mm3)

157.5 600 0.15 0.03 0.05 0.26 1.75 175 67

3.3.3 Density calculations

The density of the samples was measured using Archimedes’ principle using the ASTM B962-
17 standard (ASTM, 2017). Three samples were tested, with five measurements conducted on
each sample, and the averages obtained were used as representative values. An ADAM Luna
Precision Balance-LPB 223i scale was used to measure the mass. The samples were weighed
in air to obtain the dry mass (m) and in distilled water to determine the suspended mass (M).

The density was calculated using Equation 3.1 (Kaoushik et al., 2023).

m

Density of the sample ={m_M} (p-po)+ pPo (Equation 3.1)

where p = density of distilled water at room temperature and p, = density of air.

Theoretical density was calculated based on the individual elements in the alloy.

True density of the sample

Percentage of densification = x100 (Equation 3.2)

Theoritical density of the sample

The estimated porosity was calculated using Equation 3.3 (Gong et al., 2014).

Ro =1-E (Equation 3.3)

where Rp = porosity, pos = true density and prp - theoretical density.
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The theoretical density of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) was calculated from Equation 3.4,
as 4.86 g/cm3.

87.3 mass% 6 mass% 1.5 mass% 0.2 mass% 5 mass%)_l

100 wt% x (
4.51 16.65 6.51 12.37 8.92

(Equation 3.4)

3.3.4 Microstructural analysis and phase identification of LPBF and as-cast samples

The LPBF cuboids and the as-cast sample were mounted (METCO, Bainmount Twin H auto,
Specimen Mounting Press) using polyfast phenolic hot mounting with carbon filler resin. The
process involved heating the material to 180°C for 5 minutes and cooling for 4 minutes under
a pressure of 250 bar, using water as the coolant. The mounted samples were ground and
polished using an automatic SAPHIR 520. Grinding was done using silicon carbide (SiC)
grinding paper with different particle sizes (grades) and water as a coolant. Polishing was done
using MD-Chem polishing cloth and colloidal silica as a lubricant to give a mirror-like surface.

Table 3.5 summarises the metallographic procedures.

Table 3.5. Grinding and polishing steps for Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloys.

Parameters Steps
Abrasive Discs (Silicon P240 P500 P800 P1200 MD-Chem cloth
Carbide P Grade) / with a particle
Polishing cloth size of 0.04 um
Lubricant Water Water Water Water Colloidal silica
The speed at the counter | 240 200 200 200 150
direction (rpm)
Force (N) 25 25 25 25 20
Time (min) 15 15 15 15 30

The mixed elements were characterised before and after atomisation, as well as single tracks,
LPBF-manufactured samples and as-cast samples. A high-resolution Carl Zeiss Sigma Field
Emission Gun Scanning Electron Microscope (FEG-SEM 500), equipped with BSE
(backscattered electron), SE (secondary electron), and EDX (energy dispersive X-ray) detectors,
was used for microstructural and compositional analysis (SE, BSE, and EDX signals were

selected to provide complementary information: SE for surface morphology, BSE for
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compositional/phase contrast, and EDX for elemental compositions). Data analysis was
performed using ZEISS Smart SEM software, with the electron high tension (EHT) set to 20 kV
(to ensure sufficient penetration depth and efficient excitation of X-rays from heavier alloying
elements (Ta, Zr, Ru). Elemental composition analysis was performed with an OXFORD
INSTRUMENT x-act PentaFET Precision EDX detector, and the data were analysed using Oxford

INCA software. ImagelJ software was used to calculate the average lath widths.

Phase identification was conducted using X-ray diffraction (XRD) on a Bruker XRD D2 Phaser.
The instrument used Co-Ka radiation (wavelength = 1.78899 x 107'° m) and was operated at
50 kV and 25 mA. The scans were performed within a 20 range of 10 — 90° over 20 minutes to

determine the phases present in the samples.

3.3.5 Hardness testing

Hardness testing of the LPBF and as-cast samples was done using a Vickers FutureTech
Microhardness FM 700 machine, with a 500 gf load and a 10 s dwell time. The first set of
hardness measurements was taken along a line across the sample, with indentations spaced
20 um apart. In the second test, ten random indentations were made at various points. Mean

and standard deviations were calculated, and the tests followed ASTM E384-17 standards.

3.3.6 Anti-bacterial testing

The tests were in vitro (outside of a living organism) bacteriostatic and conducted in a
controlled laboratory environment to evaluate the specimens’ ability to inhibit bacterial

growth.

3.3.6.1 Bacterial culture

A Gram-positive bacterial strain, Staphylococcus aureus, was used because of its role in
healthcare-associated infections, particularly in implants (Leaper et al., 2010). Its ability to
form biofilms and resist antibiotics, including methicillin-resistant strains (MRSA), makes it
essential for evaluating the antimicrobial properties of materials. To prepare the culture, 10
uL of a bacterial suspension was added to 10 mL of sterilised Lysogeny Broth (LB) broth (Sigma-

Aldrich, Missouri, USA) and the mixture was incubated overnight at 37°C. After incubation,
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the suspension was centrifuged to separate the bacteria and resuspended in 10 mL of fresh
LB broth. The bacterial solution was subsequently diluted to an optical density (OD) of 0.2 at
600 nm using a UV-VIS spectrophotometer (UVmini-1240, Shimadzu, Kyoto, Japan). A working
bacterial solution with a concentration of 10° colony-forming units (CFU)/mL was prepared by

adding 40 pL of the bacterial suspension to 40 mL of LB broth.
3.3.6.2 Colony forming unit (CFU) assay

Three separate samples were taken from each group: as-cast, LPBF-manufactured, pure
copper and Ti-6Al-4V. The samples were placed in individual testing tubes for sterilisation
using the water vapour in a CertoClav, which was heated up to 121°C and a pressure of 100
bar for 30 minutes, then cooled for 45 minutes. The samples were then transferred to a sterile
24-well plate and 1.5 mL of the prepared bacterial solution was added to each well. The plate
was incubated at 37°C for 24 hours. Once the incubation period ended, the samples were
placed in 1 mL of phosphate-buffered saline (PBS, Sigma-Aldrich, Missouri, USA) and vortexed
in a mini vortexer for 2 minutes each to detach the bacteria adhering to the samples' surfaces.
These bacterial solutions were then subjected to a three-step 10-fold dilution, with each 20
mL dilution plated onto LB-agar plates. The agar plates were incubated overnight to allow the

formation and counting of bacterial colonies.

Equation 3.5 was used to calculate the colony forming units (CFU) (Fowler et al., 2019):

Number of colonies X dilution factor

CFU/ml = (Equation 3.5)

volume o f culture plated into petri dish
The antibacterial rate was calculated from Equation 3.6 (Xie et al., 2022):

CFU Control—-CFU Sample)<
CFU Control

Antibacterial rate = 100 (Equation 3.6)

The Ti-6Al-4V was used as the positive control while copper was used as the negative control

as it would kill all the bacteria.
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3.3.7 Corrosion testing

The corrosion tests were performed using a three-electrode electrochemical cell connected
to an Autolab potentiostat. Each alloy sample was the working electrode, a graphite rod was
used as the counter electrode and a saturated calomel electrode (SCE) was the reference
electrode. A Luggin probe with a salt bridge that connected to the calomel electrode was
included in the cell set-up. The calomel electrode saturated with 3M KCI~ (SCE) was positioned

between the working electrode and the reference electrode.

Copper wires were soldered on the samples for electrical connection. The samples were
mounted in a non-conductive epoxy resin. The surface exposed to the electrolyte was ground
with 1200 grade silicon carbide paper and rinsed with deionised water. The open circuit
potential (OCP) tests in the phosphate-buffered saline (PBS) solutions were conducted for
3600 seconds after immersion until it stabilised. Afterwards, potentiodynamic polarisation
tests were performed at room temperature, at a scan rate of 0.167 mV/s in the potential range

of 250 mV to 1500 mV at a scan speed of 10 mV/min without reversing the scanning direction.

The PBS solution was prepared using the procedure described by Fowler et al. (2019) to have
a pH of 7.4. Deionised water and the following salt concentrations were used to create the

PBS in a 1-litre flask:

e 8g/L of sodium chloride (NaCl)
e 0.2 g/L of potassium chloride (KCI)
e 1.44 g/L of sodium hydrogen phosphate (Na;HPO,)

e 0.24 g/L of potassium dihydrogen phosphate (KH,POQ,).

The solution was heated and kept at 37 + 1°C before the tests, and a thermostat submerged
in the solution was used to ensure exact temperature control. Nitrogen gas (N,) was used to
purge the PBS solution to remove oxygen and create anaerobic conditions. A new solution was
prepared for each sample tested to maintain consistency and reliability in the experiments.

The corrosion tests were conducted following the ASTM G59 standard.
The corrosion rates were calculated using Equation 3.7 following the ASTM G102 standard.

Corrosion rate = Ki(icorrEW)/(p) (Equation 3.7)
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where: icorr = corrosion current density (mA/cm?), K = 3.27 mm/(mA-cm-y), EW = equivalent

weight of the material = 13.02 g, p = density of the alloy = 4.86 g/cm?3.
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Chapter 4. Results

This chapter presents the experimental results including characterising powder particles,
single tracks, LPBF-manufactured samples and as-cast samples using SEM-EDX and XRD.
Additive manufactured and as-cast Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloy samples were tested

for hardness, anti-bacterial and corrosion resistance.

4.1 Powder Characterisation

The SEM-BSE images of the starting elemental powders show irregular shapes (Figure 4.1).
The order of contrasts from lightest to darkest (based on atomic number) is Ta, Ru, Zr, Cu and
Ti. The titanium powder particles were larger than those of Ta and Cu, which tended to
agglomerate together. The Zr and Ru particles were not visibly distinguishable, likely due to

their smaller amounts in the mixture. The EDX maps of the blended powder (Figure 4.2) shows

that it was mixed well, and all the starting elements were present.

Figure 4.1. SEM-BSE images of blended elemental powders of Ti, Ta, Zr, Ru and Cu before
atomisation: (a) lower and (b) higher magnification: Ta (light contrast) and Ti (dark).

Figure 4.3(a) shows SEM-BSE images of the powders after atomisation, indicating that they
were mostly spherical within the size range (10 - 100 um) required for LPBF (Zrodowski et al.,
2021. However, at higher magnification (Figure 4.3(b)), many particles still appeared spherical,
while some showed irregular shapes. Figure 4.4 shows the EDX maps of powder particles after
atomisation. Error! Reference source not found. lists the EDX results of the powder after

atomisation, showing that there was more Ru and Cu and less Ti, Ta and Zr than expected.

66



Figure 4.2. X-ray maps of the blended powder of Ti, Ta, Zr, Ru and Cu before atomisation.

Table 4.1. EDX results for atomised Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) powder.

Composition

Ti

Ta

Zr

Ru

Cu

Atomised

83.5+0.3

46+0.1

0.24+0.1

0.5+0.1

11.3+0.3
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Figure 4.3. SEM-SE images of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) powder after atomisation: (a)
lower and (b) higher magnification showing large spherical particles and an irregular particle
(shown by the yellow arrow).

Figure 4.5 shows the X-ray maps of the cross-sections of the powder and Table 4.2 shows EDX
results of the cross-sections after atomisation. The X-ray maps of the powder particles show
that alloying occurred during atomisation and the distribution of elements was homogeneous.
Figure 4.6 shows SEM images of the cross-sections of the atomised powder at lower and
higher magnifications, displaying minor internal porosity, with an irregular particle exhibiting

regions of different phases. Figure 4.6(b) shows dendrites.

The areas shown by the squares in Figure 4.7 are examples of the scans on ten different

particle cross-sections and the average results are recorded in Table 4.2.

Table 4.2. Targeted composition and EDX results for area scans of cross-sections of atomised
Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) powder particles.

Ti Ta Zr Ru Cu
Targeted 87.3 6 1.5 0.2 5
Larger spherical particles 88.0+04 |69+04 | 0.1+06 |0.2+0.1 |4.8+0.2
Smaller irregular particles 87.2+05 |52+06 |0.0+£0.0 |0.0+0.0 |7.6£0.8
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1.5Zr-0.2Ru-5Cu (mass%) powder.

Figure 4.4. X-ray maps of the atomised Ti-6Ta-
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Figure 4.5. X-ray maps of cross-sections of three Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) atomised
powder particles.
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Figure 4.6. SEM-BSE images of cross-sections of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) powder,
yellow arrows show internal porosity, and blue arrow shows an irregular particle.

Figure 4.7. SEM-BSE image indicating the areas of the EDX analyses on cross-sectioned
atomised powder particles.

Figure 4.8 show the X-ray line scans of cross-sections of a spherical powder particle showing
that there was a decrease in titanium towards the edges of the particle. Figure 4.9 shows line

scans of an agglomerated powder particle indicating the homogeneous distribution of the
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elements. Figure 4.10 shows irregular and spherical powder particles agglomerated with less

titanium at the edges of both particles.
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Figure 4.8. X-ray line scans of a cross-section of a single spherical powder particle.
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Figure 4.9. X-ray line scans of a cross-section of an agglomerated powder particle.
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Figure 4.10. X-ray line scans of a cross-section of irregular and spherical powder particles.

Particle size distributions of the blended elemental powder before atomisation are shown in
Figure 4.11. There was a large peak at ~50 um and two small peaks at ~9 um and ~250 um.
Figure 4.12 shows the particle distribution after atomisation, with no particles below 10 um,
a main peak at ~55 pum and a smaller peak at ~800 um. Figure 4.13 shows some agglomerated

spherical particles.
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Figure 4.11. Particle size distribution of blended elemental powders of Ti, Ta, Zr, Ru and Cu
before atomisation.
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Figure 4.12. Particle size distribution of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) powder after
atomisation.

Figure 4.13. SEM-BSE image showing an agglomeration of particles.

Figure 4.14 shows XRD results of the blended elemental powders of Ti, Ta, Zr, Ru and Cu before

atomisation, with major peaks of (aTi). Conversely,
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Figure 4.15 (after atomisation), displays (aTi), (BTi) and Ti>Cu peaks. Table 4.3 is a summary

of the particle size distributions before and after atomisation.

Table 4.3. Average particle size distributions of blended powder and after atomisation.

Dio Dso Dao
Blended elemental powder 25.1 48.6 100.6
After atomisation 40.7 58.3 106.9
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Figure 4.14. XRD pattern for blended elemental powder before atomisation.

4.2 Characterisation of single tracks

Figure 4.16 shows the morphology of the single tracks of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) for
constant laser power and beam diameter at varying scanning speeds. The unmelted spherical
particles in Figure 4.16(a) had an average particle size of 51.4 + 1.9 um, which was within the

45 - 60 um particle size range of the atomised powder. The unmelted spherical powders were
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randomly distributed in all the samples. Some samples had more unmelted spherical particles,
Figure 4.16(a), while others had fewer, Figure 4.16(c). Figure 4.16(d) shows that the tracks
were unstable along the printing direction at higher scanning speeds and “balling” had
occurred (shown by the ellipse). The dark particles in Figure 4.16d were caused by

contamination during the separation of the eight squares using direct wire cutting.
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Figure 4.15. XRD pattern for Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) powder after atomisation.

Figure 4.17 shows that increasing the laser power and reducing the beam diameter reduced
“balling” at higher scanning speeds. Figure 4.18 shows that balling at higher power and
scanning speed increased with increasing beam diameter. Figure 4.18(c) and Figure 4.18(d)

show that lower planer energy density (PED) caused balling.

Table 4.4 shows the EDX results of the best track and the spherical particles on the tracks.
These spherical particles had lower Ti and higher Ta, Zr and Cu than the target composition.

The particles had the expected Ru, although was lower than that on the best single track.
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Table 4.5 lists EDX results of the dark spots on the single tracks showing they were mostly

contamination.

0.15 mm beam diameter and scanning speeds of: (a) 600 mm/s, (b) 800 mm/s, (c) 1000 mm/s
and (d) 1200 mm/s. White ellipse indicates balling.

Table 4.4. EDX results of best single track and the spherical particle on the track.

Ti Ta Zr Ru Cu
Best single track 83.911.6 7.4+0.2 1.7+0.2 0.410.1 6.8+1.9
Spherical particle 81.9+0.3 7.4+0.3 1.940.1 0.2+0.1 8.6+8.6
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Figure 4.17. SEM-BSE images showing the morphology of single tracks at 315 W laser power,

0.08 mm beam diameter and scanning speeds of: (a) 600 mm/s, (b) 800 mm/s, (c) 1000 mm/s
and (d) 1200 mm/s.

Table 4.5. EDX results of dark spots on Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) best single track.

Composition C (0] Si Cl K Ti Fe
Dark spot 42.6+5.6 | 34+9.4 | 0.7+0.1 | 0.6+0.4 | 3,2+1.4 | 184+2.8 | 0.9+0.1

Figure 4.19 shows the XRD pattern of the best single track of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%)
identifying (aTi), (BTi) and Ti,Cu peaks. Tantalum, Zr and Ru were not detected, because they
had dissolved in the (aTi) and (BTi) solid solutions. To ensure only the single track was
scanned, each scan track was isolated by cutting out individual squares from the template,
allowing laser exposure to only the intended region. The cross-section of the single tracks was
not done because they were too small; grinding them would have removed them from the

substrate.
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Figure 4.18. SEM-BSE images showing the morphology of the single tracks at 280 W laser
power and 1200 mm/s scanning speed for beam diameter: (a) 0.15 mm, (b) 0.22 mm, (c) 0.29
mm and (d) 0.3 mm.
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Figure 4.19. XRD pattern of the best single track of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%).
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4.3 Characterisation of LPBF-manufactured cuboids and as-cast samples

4.3.1 Density testing

The true density of the samples and their densification percentages were calculated and are

listed in Table 4.6.

Table 4.6. Densities of the LPBF-manufactured samples.

Sample | Mass in air | Mass in distilled | True density | Densification (%)
(g) water(g) (8/cm’)

1 1.08 £ 0.01 0.85+0.01 4.69 £ 0.05 96.40 £ 0.01

1.10+£0.01 0.87+£0.01 4.68 £ 0.06 96.20 £ 0.01

3 0.99 +0.02 0.78 £ 0.02 4.68 +0.03 96.30+0.01

Sample 1 had the highest densification, with a calculated porosity of 0.04 attributed to its high
densification. Figure 4.20 shows an SEM image of an LPBF-manufactured cuboids, showing
the porosity on the areal view, while Figure 4.21 shows a cross-section of the cuboids with

unmelted powder particles and pores.

4.3.2 Microstructural and XRD analysis

Figure 4.22 shows that the as-cast sample had coarser (BTi) grains with coarse (aTi) on the
grain boundaries and fine (aTi) within the grains. Figure 4.23 shows an LPBF horizontal cross-
section, with (aTi) along the prior (BTi) grain boundaries and as small precipitates in the (BTi)
equiaxed grains. Figure 4.24 shows a vertical cross-section of LPBF cuboids, with (aTi)
precipitated along the grain boundaries and within the (BTi) matrix. The alignment of these
grains indicates directional solidification, although some variation in orientation was
observed. The as-cast sample (Figure 4.22) mainly consisted of (aTi) needles, while the LPBF-
manufactured horizontal cross-section samples (Figure 4.23) had primary (BTi) with (aTi)
precipitating along the grain boundaries and forming coarse Widmanstatten needles within

the grains. The average lath width of as-cast was 1.3 + 0.6 um and LPBF was 0.45 + 0.19 pum.
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Figure 4.20. SEM-SE image showing porosity within the LPBF sample.
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Figure 4.21. SEM-BSE image showing the side of the LPBF sample: yellow arrow indicates a
pore, blue arrows show unmelted powder particles and the light region is probably unmelted
tantalum.
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Figure 4.22. SEM-BSE images of as-cast Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%): (a) lower
magnification: (BTi) (light) grains with (aTi) (dark) precipitated on grain boundaries and within
and (b) higher magnification. Black arrow indicates Ti,Cu precipitates.

Signal A= NTS BSD Dater 18 Jun 2024 " EHT=20.00 kV Signal A= NTS BSD Date: 18 Jun 2024
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Figure 4.23. SEM-BSE images of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) LPBF horizontal cross-
section: (a) low magnification showing equiaxed (aTi) along (BTi) grain boundaries and within
the grains and (b) high magnification, (BTi) (light contrast) and (aTi) (dark contrast); the black
arrow indicates Ti,Cu precipitates (very light contrast).

Table 4.7 shows the EDX results for each sample. The LPBF sample had lower Cu and higher
Ta compositions than the as-cast sample, while both samples showed similar Ti, Zr and Ru
compositions. The as-cast (Spotose, 2023) sample had the expected Ti and Ru, with higher Ta

and Zr and lower Cu.
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Figure 4.24. SEM-BSE images of LPBF Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) vertical cross-section:
(a) low magnification showing (aTi) along (BTi) grains and (b) high magnification, (BTi) (light)
and (aTi) (dark). White arrow indicates build direction.

Table 4.7. Areal EDX results of LPBF, as-cast and as-cast (Spotose,2023) samples of Ti-6Ta-

1.5Zr-0.2Ru-5Cu (mass%).

Signal A= NTS BSD
Mag= 3.00KX

Date: 18 Jun 2024

Aperture Size = 60.00 prm

ZEISS|

(b)

’ 2pm*
|

EHT = 20.00 kV

WD= 85mm

Signal A= NTS BSD
Mag= 10.00K X

Date: 18 Jun 2024
Aperture Size = 60.00 prm

Alloy EDX (mass %)

Ti Ta Zr Ru Cu
As-cast 84.4+0.5 6.4+0.2 1.410.2 0.4+0.2 7.4+0.3
As-cast (Spotose, 2023) | 86.0+1.6 7.4+0.9 | 2.0+0.8 0.410.6 4.5+1.5
LPBF:Horizontal 84.5+0.8 8.910.6 1.5+0.1 0.3+0.2 4.8+0.3
LPBF: Vertical 85.410.4 8.3x0.4 1.620.2 0.1+0.1 4,710.2

Table 4.8 shows the EDX results of the light and dark phases in the as-cast Ti-6Ta-1.5Zr-0.2Ru-
5Cu alloy (mass%). The light phase (BTi) had low Ti and high Cu content. The Ru and Ta were

close to the target composition, while Zr was lower than expected. However, the dark phase

(aTi) had higher Ti and lower copper while Zr, Ta and Ru had target compositions.

Table 4.8. EDX results of as-cast light and dark phases of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%).

Phase EDX (mass%)

Ti Ta Zr Ru Cu
Light (BTi) 84.510.9 6.4+0.4 1.01£0.1 0.3+0.1 7.8+0.5
Dark (aTi) 88.314.4 5.5+0.9 0.8+0.2 0.2+0.1 5.2+3.3
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Figure 4.25 shows the XRD pattern of the LPBF sample with hcp (aTi) as the major phase with
peaks at 20 = ~42°, ~44°, ~47°, ~63°, ~75° and ~86°. The bcc (BTi) has peaks near 20 = ~67°
and ~84° were also present showing (BTi) was retained due to the rapid cooling of the LPBF
sample. Peaks at 46° and 51° indicated the Ti,Cu phase. Figure 4.26 shows the XRD pattern of
the as-cast sample with (aTi) peaks at 20 = ~42°, ~45°, ~47°,~63° and ~75°. A less intense peak
at 20 = ~84° was for (BTi) although in smaller amounts. Peaks near 20 = ~33°, ~46° and ~51°

correspond to Ti,Cu.
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Figure 4.25. XRD patterns of LPBF-manufactured and as-cast Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%).

4.3.3 Hardness testing

Figure 4.26 shows the hardness profile across the samples. Figure 4.27 is the photograph,
taken using a stereomicroscope, showing the samples used to generate the hardness profile,
with the indentations spaced 0.70 £ 0.02 mm apart. The LPBF sample had higher hardness,
except at distances of 0.484 mm and 3.91 mm from the edge of the sample. The LPBF sample

showed more hardness variability, fluctuating between ~350 HV,.05 and ~450 HVo.05, Whereas
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the as-cast sample showed a more consistent hardness of ~¥350 HV,.0s. However, for the LPBF
sample, after the initial variations, the hardness was similar to that of as-cast sample. Figure
4.28 shows that for random hardness measurements, the LPBF sample had higher hardness
than the as-cast sample for all the indentations. The LPBF sample had a mean of 393.54 +

16.72 HVo.05, while as-cast sample had 360.05 + 11.02 HVq.05 with a lower variation.

500

Z 200 ——LPBF sample

100 — As-cast sample

0 2 4 6 8
Distance across the sample (mm)

Figure 4.26. Hardness profile for LPBF and as-cast samples measured from the edge.

Figure 4.27. Photographs of: (a) as-cast sample and (b) LPBF-manufactured sample showing
indentations inside the white ellipses.
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Figure 4.28. Hardness values from random indentations across the samples.

4.3.4 Anti-bacterial testing

The colony counts for the three samples were determined using the third 10-fold dilution, as

it provided countable colonies (Figure 4.29). Due to the high concentration of colonies, both

the first (10%) and second 10-fold (10?) dilutions were not used (Figure 4.30).

Figure 4.29. Photographs of bacteria count tests after 24 hours: (a) LPBF, (b) as-cast, and (c)
Ti-6Al-4V samples, all conducted with three iterative 10-fold dilutions from the second test.
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Figure 4.30. Photographs of bacteria count tests after 24 hours: (a) LPBF, (b) As-cast and (c)
Ti-6Al-4V samples, all conducted with two iterative 10-fold dilutions from the second test.

Figure 4.31 shows the number of colonies in each sample. The LPBF samples had lower counts
than the as-cast samples, with increases observed in the second and third runs (“run” refers
to each test done). The highest colony counts were found in the as-cast samples, indicating
low antibacterial rates. The Ti-6Al-4V samples had the highest counts in the fourth run, but
lower counts in the other runs and higher standard deviations. Conversely, the copper samples

had no colonies in all runs, indicating high antibacterial rates.
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Figure 4.31. Number of colonies counted on each sample in the third 10-fold dilution test
(there were no colony counts for copper sample).
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Figure 4.32 shows the colony forming units (CFU) counts from multiple experimental runs with
significant differences in bacterial adhesion and colony formation across each sample, with
similar trends to Figure 4.31. The LPBF samples had a lower average CFU count than as-cast

samples (Table 4.9). These averages were calculated from six tests, with three samples tested

twice each.
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Figure 4.32. Colony-forming unit (CFU) counts of each sample bacteria after 24 hours (there
were no colony counts for copper sample).

Table 4.9. Comparison of average colony-forming unit (CFU) counts for different samples.

Sample Average CFU Count (CFU/mL) | Observations

LPBF-manufactured | 7770 + 5974 Better antibacterial properties

As-cast 12990 + 8950 Higher bacterial adhesion and
colony formation

Ti-6Al-4V 1470+ 1178 Moderate antibacterial properties

Pure Copper 0+0 Killed all the bacteria

The antibacterial rate could not be calculated using averages, as the control samples (Ti-6Al-
4) had fewer colony counts than the Ti-6Ta-0.5Zr-0.2Ru (mass%) alloy and would result in
negative antibacterial rate. However, as shown in Figure 4.32, this was not consistent across

all experimental runs.
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4.3.5 Corrosion test results

4.3.5.1 Open circuit potential profiles

Figure 4.3 shows the open circuit potential (OCP) curves for Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%)
alloys manufactured by as-cast and LPBF methods. The as-cast alloy shows higher and more
stable OCP, stabilising ~—0.12 V, indicating the formation of a stable passivation oxide layer
(Abou Shahbha et al.,, 2011). In contrast, the LPBF-manufactured alloy started at a more
negative potential and had fluctuations, including a sharp dip at around ~900 s and a gradual
decrease after 2500 s. This indicated the breakdown in passive film and then repassivation,

indicating potential instability or thinning of the passive film.
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Figure 4.33. OCP profiles of the Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloys in phosphate-buffered
saline solution.

4.3.5.2 Potentiodynamic polarisation curves

Figure 4.34 shows the potentiodynamic polarisation curves for the Ti-6Ta-1.5Zr-0.2Ru-5Cu

(mass%) alloys. The as-cast sample exhibited a more positive corrosion potential (Ecorr),
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indicating a lower thermodynamic tendency to initiate corrosion. The LPBF-manufactured and
as-cast samples exhibited similar passive current densities (lpass), indicating comparable
passive film stability. Although the LPBF alloy had a slightly lower Ecorr, it had a broader passive
region and spontaneous passivation, suggesting improved long-term corrosion resistance.
The corrosion current density (lcorr) Was lower for LPBF sample than the as-cast sample, shown
by the Tafel extrapolation curves intersection of the polarisation curves (Figure 4.34). This
lower lcorr implied a reduced corrosion rate, showing the superior electrochemical stability of

the LPBF-manufactured alloy.

The corrosion rates of the samples were calculated from potentiodynamic polarisation curves
(Figure 4.34) using the Tafel extrapolation method (Choubey et al., 2004). Table 4.10 shows

that the as-cast sample had a higher corrosion rate than the LPBF manufactured sample.
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Figure 4.34. Potentiodynamic polarisation curves of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloys in
phosphate-buffered saline solution, black arrow shows broader passive region in LPBF.
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Table 4.10. Polarisation results of the Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloy.

Manufacturing | Ecorr (mV) leorr (MA/cm?) Corrosion rate
technique (mm/year)

As-cast -471.25 £46.26 | 3.74E-05 + 8.69E-06 3.27E-03 £ 7.62E-05
LPBF -573.05 £37.69 | 2.65E-05 + 7.09E-06 2.32E-3 £+ 6.21E-05

4.3.5.3 Characterisation of corroded samples

Figures 4.35 and 4.36 show the corroded surfaces of the as-cast and LPBF alloys after exposure
to PBS solution at 37 £ 1°C. Prior to corrosion testing, the as-cast and LPBF samples had similar
surface roughness and morphology due to same sample preparation. After corrosion testing,
the observed differences in surface roughness and morphology were due to corrosion. Figure
4.36(b) had pores from casting that acted as sites for corrosion. Figure 4.35(a) shows scattered

corrosion products on the sample surface, while in Figure 4.35(b), shows a pore covered by

corrosion products and unmelted powder particles.

5 . A 3. L . 1 454 . ALl es, -\
100 pm” EHT =20.00 kV Signat A = NTS BSD Date: 4 Feb 2025 ZEISS 10 pm* EHT = 20.00 kV Signal A=SE2 Date: 4 Feb 2025 f—
WD =11.2mm Mag= 200X Aperture Size = 60.00 ym WD = 11.2 mm Mag= 200KX Aperture Size = §0.00 ym

Figure 4.35. SEM-SE images of as-cast Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) after corrosion tests:
(a) lower magnification and (b) higher magnification: Yellow arrow indicates pore from casting
and blue arrow indicates a precipitate from PBS solution.
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Figure 4.36. SEM-SE images of LPBF Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) after corrosion tests: (a)
low magnification showing scattered corrosion products on the surface (dark contrast) and (b)
high magnification showing unmelted powder particles (orange arrows) and a pore (white
arrow).

Table 4.11 shows the EDX analyses of both samples, showing that the dark regions comprised
elements from the PBS solution (chlorine, potassium, calcium and sodium). These elements
were also detected within a pore, suggesting that the PBS solution became entrapped in the
casting defect. The presence of O and C on both samples indicated the formation of oxide and
carbon-based corrosion products. The large standard deviations in Ti, O and C compositions
across different regions indicated significant surface heterogeneity. This variability showed
uneven corrosion and localised oxide formation, particularly in the dark regions. The as-cast
sample did not show any detectable Ru after corrosion, possibly due to its low initial

concentration.
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Table 4.11. EDX results of as-cast and LPBF Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) after corrosion tests.

Alloy EDX results (mass%)

Ti Ta Zr Ru Cu (o) C Na cl Ca K
As-cast
(Areal) 63+5.0 44+01 | 09204 - 34+08 |21.5+57 | 6.5%0.1 0.3%0.1 - - -
As-cast
(Light region) | 80.7+4.0 | 42+1.2 | 1.4+£04 - 32+0.1 | 6.1+11 | 40204 - - - -
As-cast
(Dark region) | 19.3+5.2 | 1.5+08 | 0.5+0.4 - 1.0+0.1 |50.2+04 | 250+58 | 15+1.2 | 02+19 | 0.2+0.1 | 0.6+0.7
LPBF
(Areal) 55.1+4.2 | 40+x03 | 0.7+05 | 0.1+0.1 | 2.7+0.2 |33.0+46| 39+35 | 04+0.2 | 0.1%0.1 - -
LPBF
(Light region) | 76.3+0.8 | 5704 | 1.4+0.1 |0.1+0.1 | 3.6+0.2 |129+24 - - - - -
LPBF
(Dark region) | 26.2+69 | 1.5+04 | 1.3+03 | 0.1+0.1 | 1.1+0.3 |586+50| 8.6*3.0 1.2+0.2 | 05+0.1 | 0.5+0.1 | 0.4%0.1
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Chapter 5. Discussion

5.1 Powder characterisation

The Ru and Zr particles occurred in minor proportions in the powders, hence they were not
discerned (Figure 4.1(a)). Figures 4.4 and 4.6(a) show spherical particles, although there were
also irregular particles. This may have been caused by the collision of the droplets with each
other causing distortions. The non-spherical shape could also be caused by incomplete
spheroidization whereby the powder particles retain their previous shape and form ellipsoidal
or other irregular shapes (Qi et al., 2021). Figure 4.6(b) shows fine dendrites due to rapid

cooling during the atomisation.

Before atomisation, Zr was weighed along with the liquid in which it was stored to prevent
oxidation. As a result, a lower concentration of Zr is listed in Table 4.1. The EDX results in
Figure 4.9 show that Ru was not detected, possibly due to its loss during atomisation. Given
that Ru was the heaviest element in the sample, it may have settled at the bottom of the melt.
Additionally, since ruthenium was deliberately present in small proportions, its distribution

may not have been homogeneous, making it less likely to be detected in localised EDX analysis.

The decreased titanium concentration towards the particle boundaries, as shown in Figures
4.8 and 4.10, was attributed to inhomogeneous distribution and element segregation during
rapid cooling. As the alloy cools quickly, the titanium and copper elements do not have
sufficient time to diffuse evenly throughout the alloy, leading to regions with distinct
elemental concentrations. The titanium-rich regions tend to stabilize as the aTi phase, while
the copper-rich areas promote the formation of the Ti,Cu phase, both of which are

thermodynamically stable in the alloy.

Large particles formed by agglomeration of smaller particles (Figure 4.13) had not been
atomised correctly. Méller et al. (2022) attributed the phenomenon to “splintering” of the
feedstock material before melting. It is likely that the splintered particles, having high surface
areas, would combine to form the larger particles and reduce the surface area, even if not
atomised properly. Moller et al. (2022) also observed composite particles which formed by
spattering of liquid that was ejected from the arc and landed on other particles. In this work,

agglomerations of small particles of different compositions were observed Figure 4.12(a). This
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could explain some of the irregularly shaped particles containing only Ti, Ta and Cu (Table 4.2).
These likely formed during the agglomeration of smaller particles with these specific
compositions. Figure 4.12(a) shows that some spherical particles were included in the

agglomeration.

The XRD pattern for powders after atomisation displays peaks for aTi, BTi and Ti,Cu (Figure
4.15). This Ti,Cu phase is important for antibacterial properties of the alloys (Zhang et al.,
2013), which is beneficial for biomedical applications. Before atomisation, Zr and Ru were not
expected to have been detected since their concentrations were below the 4 vol.% detection
limit for XRD. However, Cu should have been detected, albeit with low peaks. Since the
background intensity was high (due to small particle sizes), the Cu peaks were possibly

obscured.

Figure 4.11 shows that the original particle size distribution was relatively fine but not
uniform, with some larger particles. The narrower particle size distribution (Figure 4.12)
shows that atomisation reduced the particle size range. However, the presence of a few larger
particles, indicated by the second smaller peak, suggests that the atomisation process was not
entirely efficient. After atomisation, some of the smaller particles agglomerated, forming
larger clumps that were more difficult to disintegrate. This agglomeration may have been
caused by moisture or electrostatic attraction (Rescaglio et al., 2017). The powder's PSD after
atomisation (Figure 4.12) could have been narrower if a #200 um sieve had been used to

remove these agglomerated powders.

The manufactured powders were suitable for the next step, as they were spherical and met
LPBF requirements. SEM images (Figure 4.13) showed a higher proportion of spherical

particles, and the size range was small (Figure 4.12), both giving good flowability.

5.2 Single tracks

Balling (Figure 4.16(d)) is a surface defect which occurs due to severe instability of the molten
pool, induced by the high melt viscosity under relatively low energy density (Gonnabattula et
al., 2024). This defect decreases surface quality and densification (Dai et al., 2020). Gao et al.

(2019) identified high scanning speed as a key factor contributing to balling as identified in
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Figure 14.16(d) and Figure 14.17(d). Under these conditions, balling is primarily due to the
large Marangoni convection and liquid capillary instability within the molten pool. Balling is
caused by insufficient contact of the melt with the solid substrate and occurs with limited

energy input due to high scanning speeds (Gao et al., 2019).

High power and lower scanning speed result in higher laser energy density (LED), which causes
porosity (Gonnabattula et al., 2024). Conversely, Figure 4.17(d) shows that high scanning
speed resulted in balling, indicating defect formation at different scanning speeds through
distinct mechanisms. Guo et al. (2018) studied single-track fabrication of niobium and
titanium alloys finding that when laser energy density increased, the track width and substrate
penetration also increased. This occurred in the current work because when the LED
increased, the tracks were more even. Conversely, Gong et al. (2014) reported that high laser
power with low scanning speed can cause excessive energy input, leading to melt pool
overheating, evaporation and defects. However, in Figure 4.17(a)-(b), the single track
appeared even and continuous, suggesting that defect formation depends on material

properties and processing parameters.

The single track shown in Figure 4.16(a) was the best single track, with an even, continuous
and smooth surface. Although the tracks in Figure 4.17(a)-(c) also appear satisfactory, they
were produced using a high LED, which can lead to increased porosity (Gonnabattula et al.,
2024). However, no porosity was observed on the surface. The tracks were not sectioned, so
internal porosity was not assessed. The best parameters were identified as 157.5 W laser
power, 600 mm/s scanning speed, 0.15 mm beam diameter, 0.263 J/mm linear energy and

1.750 J/mm? planar energy density.

Figure 4.19 shows the peak of Ti,Cu, which is wanted as it enhances the antibacterial
properties of the alloys (Zhang et al., 2013). Although Canale and Servant (2022) identified
TizCu upon solidification and Fowler (2019) found it in a 5 mass% Cu sample, the XRD peaks
of Ti,Cu and TisCu are so similar that they are indistinguishable at low amounts. The TizCu
phase was considered unstable (Dyal Ukabhai et al., 2022). This instability was shown by
diffusion couple studies (Dziadon and Konieczny, 2004; Song et al., 2009), which found only
Ti,Cu and TiCu, with no trace of TizCu. Additionally, Klotz and Liu (2007) found that annealing

a Cu-Ti diffusion couple at 800°C for 864 hours failed to produce TisCu, showing its instability,
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even under typical processing conditions. Therefore, given its instability (Dyal Ukabhai et al.,

2022), it is not surprising that TizCu did not form in this alloy.

5.3 Comparison between LPBF and as-cast manufactured alloy samples

5.3.1 Density

The notable pores observed in Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) (Figure 4.20) manufactured by
LPBF led to reduced density, the pores were likely due to incomplete melting, which resulted
in both poor bonding and overlap between adjacent tracks. Insufficient overlap can create
gaps or cause pooling. According to Biamino et al. (2011) and Singla et al. (2021), high
solidification rates can prevent the evaporation of gas bubbles from molten powder particles,
trapping argon and leading to porosity. Porosity can also originate from entrapped inert gas
within the powder stock during atomisation (Chen et al., 2018). Gona et al. (2014) found that
reduced energy density or wider hatch spacing can decrease overlap, affecting wettability and
thermal conductance. Furthermore, incomplete melting combined with low laser energy
input can trap unfused powder particles within the solid material, resulting in porosity (Gona
et al., 2014). Low energy input limits heat penetration, hindering fusion between layers and
powder particles. The molten pool's surface tension fails to fully wet and incorporate

unmelted particles and rapid solidification retains these gaps as pores.

Porosity in LPBF can be affected by various factors related to scanning. The 67° rotation
between layers, designed to minimise anisotropy and layer defects, can cause misalignment
and gaps if not properly controlled. Ali et al. (2018) recognised that unsuitable overlap and
rotation may lead to thermal mismatches between layers, which can also contribute to
porosity. Nkosi and Sacks (2023) reported that bidirectional alternating scanning with a 67°
rotation led to porosity due to the laser being turned off during transitions, resulting in
unmelted powder particles and poor fusion. The 67° rotation strategy could be beneficial,
although improper implementation of scanning parameters can introduce thermal

inconsistencies and scan interruptions, increasing porosity, so it needs careful use.
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5.3.2 Microstructures and chemical compositions of the manufactured alloys

The microstructure of the Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloy manufactured by LPBF (Figure
4.23) had finer microstructure than as-cast samples (Figure 4.22), a difference attributed to
the faster cooling rates in LPBF samples, which range from 10° to 107 K/s, than slower cooling
rates of arc-melting, ranging between 10% and 103 K/s (Liu et al., 2022; Yadroitsev et al., 2021;
Dawes et al., 2015). The (aTi) phase preferentially formed along (BTi) grain boundaries
because it is a phase transformation and the grain boundaries provide more space (i.e. a
looser structure), which enhances diffusion and facilitates phase growth. The Ti-enriched
boundaries provide favourable sites for (aTi) nucleation, resulting in the observed
microstructures (Greer, 2016). The coarser needles in the as-cast grains (Figure 4.22) were
due to slower cooling during solidification, whereas LPBF samples cooled rapidly, producing a
fine grain microstructure, Figure 4.23(a). While the rapid cooling rates and steep thermal
gradients of LPBF can affect solidification, they do not alter the two-phase nature of the alloy.
The processing conditions may lead to changes in the morphology, such as finer precipitates
of (aTi) along grain boundaries and within the (BTi) grains. The alignment of most of the grains
along the build direction (Figure 4.24(a)) resulted from the directional heat flow and repeated
melting-solidification cycles during the layer-by-layer deposition, driving columnar grain
growth parallel to the thermal gradient (Pesode and Barve, 2023). This anisotropic grain
structure can introduce anisotropy in mechanical properties, such as tensile strength and

fatigue resistance (DebRoy et al., 2018).

Spotose (2023) observed a residual dendritic microstructure in an as-cast Ti-6Ta-1.5Zr-0.2Ru-
5Cu (mass%) alloy, and there was subsequent growth of needle-like (aTi) and colonies of
parallel laths. Additionally, there were Ti;Cu precipitates. The as-cast microstructure showed

laths, indicating the formation of a second phase during cooling.

The LPBF microstructure (Figure 4.23) shows regions of a lamellar (aTi) within (BTi),
characteristic of a Widmanstatten-type morphology. In the as-cast sample (Figure 4.22),
slower cooling produced larger (aTi) laths within the (BTi) grains, giving a coarse

Widmanstatten morphology. In contrast, the rapid cooling of LPBF produced finer (aTi) laths

The LPBF microstructure (Figure 4.23) shows regions of lamellar (aTi) within (BTi),

characteristic of a Widmanstatten-type morphology. In the as-cast sample (Figure 4.22), slow
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cooling rates resulted in coarse (BTi) grains due to limited nucleation, which allowed the
growth of larger (aTi) laths within the (BTi) grains, producing a coarser Widmanstatten
morphology. In contrast, LPBF exhibited smaller (BTi) grains due to more nucleation sites from
faster cooling rates, leading to finer (aTi) laths. Imagel measurements showed this: the
average lath width of the as-cast sample was 1.3 + 0.6 um, compared with 0.45 £ 0.19 um for
the LPBF sample. Liu et al. (2024) showed that LPBF-produced Ti-xCu alloys exhibited a
mixture of martensite (a') and Ti,Cu (Figure 5.1), and transmission electron microscopy (TEM)
revealed that nanoscale Ti,Cu phases precipitated at the interfaces of o’ laths in Ti-2Cu, Ti-

5Cu, and Ti-8Cu alloys. This agrees with the Ti,Cu found in the alloys in this study.
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Figure 5.1. IPF maps and TEM images of LPBF-produced Ti-xCu alloys (x = 2, 5, 8 wt%), showing
finer a’ martensite and increased Ti,Cu precipitation with higher Cu content (Liu et al., 2024)

Hayama et al. (2014) found that slow cooling of as-cast Ti-5Cu (mass%) alloy produced a
microstructure with (aTi) and Ti,Cu phases. The phases were identified by their contrast in
BSE imaging, where (aTi) appeared dark and Ti,Cu appeared light. This microstructure
resulted from a eutectoid transformation, although some (aTi) also formed at temperatures
above the eutectoid reaction. Similarly, the slow cooling of the Ti-4.5Cu alloy resulted in the
(aTi) phase with Ti.Cu precipitates (Bhaskaran et al., 1985; Bumke et al., 2021). These

microstructures resembled those of as-cast sample (Figure 4.24), which exhibited (aTi) (dark)
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and (BTi) (light)) phases and Ti.Cu which appeared lighter than (BTi) and was also identified
by XRD (Figure 4.25).

5.3.2.1 Chemical compositions of the manufactured alloys

In the LPBF samples, the differences between the horizontal and vertical scans were minimal
(Table 4.7), with only minor variations in Ti, Ta and Cu compositions. This consistency
demonstrated that the LPBF process effectively controlled the distribution of alloying
elements. The laser scanning strategy influences heat input and cooling rates, which affect
elemental segregation (DebRoy et al., 2018). The small variations in Cu content (4.7 + 0.2
mass% 4.8 £+ 0.3 mass%) (Table 4.7) affect the antibacterial properties, as the reported
minimum Cu content required for effective antibacterial performance varies. While Zhang et
al. (2013), using powder metallurgy, suggested a threshold of 5 mass% Cu, Wang et al. (2019),

using as-cast, demonstrated antibacterial effects in Ti-Cu alloys with as little as 3 mass% Cu.

In the as-cast sample, Ta and Zr were similar to the targeted composition, although Ru was
slightly higher. The cooling rate plays a crucial role in determining the morphology and
distribution of Ti,Cu precipitates. A slower cooling rate promotes the segregation of Cu into
the (BTi), leading to a locally higher Cu concentration and facilitating the formation of Ti,Cu
precipitates (Akbarpour et al., 2022). Using Thermo-Calc (Figure 5.2), Spotose (2023) showed
that the transformation from (BTi) to (aTi) first and would likely occur on the grain boundaries
first. Subsequently, Ti,Cu would nucleate within the grains rather than at the grain boundaries
as forms in a eutectoid reaction ((BTi) = Ti,Cu + (aTi)), as shown Figure 2.17. Table 4.8 shows
that the light phase had more Cu than the dark phase. When the effect of Ta is ignored to
distinguish between (BTi) and (aTi) because it was present in the same amounts (~6 mass%
Ta). The Ti,Cu was demonstrated as a small light contrast phase in Figure 4.22. Spotose (2013)
found that there were only small amounts of light contrast Ti,Cu within the grains (Figure
2.17(b)) and the amounts ~13% agreed with the Thermo-Calc results of Spotose (2023) (Figure
5.2).
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Figure 5.2. Phase proportion diagram of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) (Spotose, 2023).

5.3.2.2 XRD results

The XRD pattern of the as-cast sample (Figure 4.25(a)) had narrower peaks due to narrower
composition ranges in the phases. In contrast, the LPBF-manufactured sample (Figure 4.25(b))
showed broader peaks corresponding to a wider compositional range, possibly due to less
diffusion and residual stress The as-cast sample showed higher intensity, sharp Ti,Cu peaks,
indicating a higher fraction of Ti,Cu precipitates and the slower cooling rate promoted the
formation of (aTi), as this phase is stable at lower temperatures (Dyal Ukabhai., 2022). In the
LPBF sample, the fewer and broader Ti,Cu peaks indicate fewer precipitates from rapid
solidification, with broadening likely caused by residual stresses from thermal cycling during
building (Ni et al., 2019). Additionally, the LPBF process favoured (BTi) retention, reducing the

extent of (aTi) formation.

Although Figure 4.25 shows (aTi), (BTi), and Ti,Cu peaks, Liu et al. (2023) and Wang et al.
(2021) argued that Ti,Cu and (BTi) peaks in XRD patterns of LPBF-manufactured Ti-5Cu and Ti-
6AI-4V alloys were difficult to distinguish. This was due to the low volume fraction of these
phases and the potential for small peaks being lost in the background noise. As a result, the
observed peaks mainly corresponded to the (aTi) as other phases were likely too minor (less
than 4 vol.%) to be detected. The XRD results in this study are consistent with Vilardell et al.
(2020) and Goettgens et al. (2023), showing similar phases, with differences in peak intensities

due to different phase proportions.
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The smaller (BTi) peak (20 = ~84°) in Figure 4.25(b) than in Figure 4.25(a) was because LPBF-
manufactured Ti alloys retained (BTi) due to the localised reheating during the layer-by-layer
processing, where previously deposited layers partially re-melted. This stabilised (BTi), making

it more prevalent in LPBF-processed than as-cast samples (Cao et al., 2023).

5.3.3 Hardness

The higher hardness in the LPBF-manufactured sample was due to faster cooling rates, which
resulted in a finer grain structure with smaller (aTi) grains. As shown in Figure 4.28 and Figures
4.22 and 4.23. These variations resulted from non-uniform heat distribution during rapid laser
melting and solidification, inducing high residual stresses and fine microstructures that
increased hardness (DebRoy et al., 2018; Cerezo et al., 2024). However, the pores (Figure 4.20)
at distances (from the sample edge) of 0.5 mm and 39 mm (Figure 4.26) weakened the
material. The pores reduce hardness by causing localised stress concentrations that facilitate
crack propagation (Cobbinah et al., 2020; Cerezo et al., 2024), as well as reducing the cross-
sectional area that supported the load. These effects resulted in wavy hardness profiles, as

shown in Figure 4.26.

The finer microstructure of LPBF-manufactured samples generally increases hardness because
smaller grain sizes enhance dislocation density, strengthen the alloy and slow crack initiation
and propagation by increasing grain boundary resistance, which diverts and hinders crack
growth (Leyens and Peters, 2003). Smaller grains also improve strength and toughness by
grain boundary strengthening, following the Hall-Petch effect (Hall, 1951). Wang et al. (2023)
found faster cooling gave very fine and lamellar microstructures with B-phase transforming
into very thin layers of a’ martensite and Ti,Cu. This created a super-fine microstructure that
gave excellent strength and hardness. Conversely, the as-cast (Spotose, 2023) sample had
lower hardness but greater consistency, with a standard deviation of £12 HVo o5 versus 41
HVo.05 for the LPBF-manufactured sample. This uniformity was due to the more homogeneous
cooling in casting, although the coarser microstructure, with larger grains and reduced overall

hardness.

Spotose (2023) reported a hardness of 368 + 12 HV s for Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%)

and the as-cast sample had similar hardness of 373 + 9 HVo 5. The increased homogeneity in
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the as-cast sample was likely due to more uniform solidification, which reduced
microstructural inhomogeneities. Both the as-cast (Spotose, 2023) and the as-cast sample in
this work had lower standard deviations in hardness than the LPBF-manufactured sample (389

+ 41 HVo,0s). The higher standard deviation in the LPBF sample was due to pores.

The additively manufactured Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) exhibited a Vickers hardness of
389 + 41 HVo.0s5, which is significantly higher than commercially (1) pure titanium (Grade 4),
with a hardness of 140-160 HV (Callister and Rethwisch, 2020) and (2) Ti-6Al-4V, which ranges
from 330-350 HV (Leyens and Peters, 2003). This increased hardness suggests that Ti-6Ta-
1.5Zr-0.2Ru-5Cu (mass%) could provide enhanced wear resistance, potentially improving the
durability of dental implants. However, the observed high variation in hardness across the
sample indicated significant microstructural heterogeneity. This variability may result in
inconsistent mechanical properties, leading to areas of weakness and susceptibility to failure.
Such inconsistencies can compromise the overall structural integrity and long-term
performance of the implants but could be reduced by post-process annealing (Jamhari et al.,

2023).

Annealing in LPBF plays an important role in improving the mechanical properties and overall
performance of implants (Jamhari et al., 2023). The rapid cooling rates and non-uniform
thermal gradients during LPBF processing often led to residual stresses, pores, and
microstructural inhomogeneity, which can cause variability in hardness and affect the use of
alloy in the biomedical implant (Nabavi et al., 2024). Post-processing heat treatment such as
annealing promotes grain growth and phase transformations, resulting in a more stable
microstructure that enhances the hardness and ductility of the alloy (Liu et al., 2020). This
process also improves fatigue resistance, which is essential for the long-term performance of
implants in load-bearing applications, as the reduction in residual stresses and refinement of
microstructures enhances the material's ability to withstand cyclic loading (Marin and
Lanzutti, 2023). Additionally, it improves surface properties by reducing defects and enhancing
surface finish, which is crucial for biomedical implants, as surface irregularities may lead to

corrosion or affect osseointegration (Zhu et al., 2021; Thakur et al., 2022).
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5.3.4 Anti-bacterial resistance

The colony-forming unit (CFU) assays for antibacterial testing indicated that LPBF-
manufactured samples had better antibacterial performance than as-cast samples (Figure
4.27). This can be attributed to the higher number of grain boundaries providing favourable
sites for Cu ion release, as well as the finer microstructure and smooth surface, both of which
can influence bacterial adhesion and proliferation (Mu et al., 2023). The porous surface
(Figure 4.19) facilitated the release of Cu ions to combat bacteria (Mitra et al., 2019). The use
of pure copper as a positive control meant that it had a strong bactericidal effect, effectively
eliminating all bacteria after 24 hours. Conversely, Ti-6Al-4V served as a negative control,
expected to have no antibacterial properties. In contrast, the Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%)
sample contains 5 mass% Cu, providing a strong and stable antibacterial effect (Zhang et al.,

2016a)

Increased experimental time could have allowed Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) to release
more copper and kill the bacteria. Hadebe (2022) noted that longer testing times allowed for
extended bacterial exposure. However, a potential drawback is that the growth medium,
which nourishes the bacteria during the test, may need to be replenished in the well plates,

which could interfere with the bacteria's ability to adhere to the sample surface.

Fowler et al. (2019) found that while MC3T3 cells and Staphylococcus epidermidis were
sensitive to Cu ion concentrations, bacteria could develop resistance, influenced by metal-
resistant genes like copper-transporting ATPase copA and multi-copper oxidase (mco). Baker
et al. (2010) also observed that copper serves as a stress-inducing ion, with concentrations
below the MIC value of 200 mM promoting faster bacterial growth than controls without
copper. This shows the dose-dependent response of bacteria to copper ions, where
concentrations >9x10~° g/ml are toxic to Staphylococcus epidermidis, while sub-lethal
concentrations between 9x1077 and 9x107® g/ml can stimulate bacterial growth, potentially
as part of a stress adaptation mechanism (Fowler et al., 2019). Ren et al. (2014) demonstrated
the antibacterial effectiveness of Ti-6Al-4V-xCu alloys, with antibacterial activity increasing
with increasing copper content (x = 1, 3 and 5 mass%). The 5 mass% Cu alloy showed
significant bacterial elimination, attributed to copper ion release and the antibacterial action

of the Ti,Cu phase. However, excessive copper intake can result in stomach upsets, nausea
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and diarrhoea, leading to tissue damage and disease, particularly when copper content is 210

mass% (Zhang et al., 2015).

The antibacterial activity of copper involves two mechanisms. The first is direct contact killing,
where interaction between the bacterial cell membrane and the copper-containing surface
causes membrane rupture and protein inactivation (Liu et al., 2016). The second is ion-
mediated toxicity, where Cu* and Cu?* ions released from the alloy surface diffuse into
bacterial cells and disrupt vital cellular functions. The LPBF process produced finer
microstructure (Figure 4.23), which enhanced these mechanisms by increased surface area
that improved ion release. Additionally, the surface porosity affects copper ion release and
reactivity during corrosion. Compared to as-cast alloys, the LPBF samples had more consistent

and effective copper ion diffusion and bacterial interaction (Xu et al., 2023).

5.3.5 Corrosion resistance

The corrosion resistance of Ti-6Ta-1.5Zr-0.2Ru-5Cu alloys varied significantly depending on
the manufacturing technique (Table 4.10). The as-cast alloy exhibited a more positive
corrosion potential (Ecorr) than the LPBF-manufactured sample (Figure 4.34), indicating a lower
thermodynamic tendency to initiate corrosion. However, this did not translate into better
corrosion resistance, as the as-cast sample showed a slightly higher corrosion current density
(lcorr), suggesting a higher corrosion rate. Although the as-cast alloy appeared more
electrochemically stable based on its OCP behaviour (Figure 4.33), the LPBF sample exhibited
more spontaneous passivation and a broader passive region, suggesting the formation of a
more continuous and adherent passive film. Notably, the LPBF curve exhibited a distinct dip
in OCP at around 900 s (Figure 4.33), which could have been due to the pores (Figure 4.36)
inherent to the LPBF process. These defects can locally disrupt the passive film (DelRio et al.,
2023), causing a temporary loss in protection. The subsequent partial recovery and gradual
decline after 2500 s was due to film reformation over these porous regions. These findings
were consistent with Ozer and Yilmaz (2023), who reported extended passivation in selective
laser-melted Ti-6Al-4V alloys. Thus, while the as-cast alloy showed initial electrochemical
stability, the LPBF alloy later exhibited more favourable passivation characteristics, despite

transient instability.
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The observed electrochemical behaviour of the as-cast and LPBF manufactured Ti-6Ta-1.5Zr-
0.2Ru-5Cu (mass%) alloys agreed with Zhan et al. (2024) who found that LPBF processed
samples developed thinner and less stable passive films, resulting in slightly poorer initial
corrosion resistance than their as-cast counterparts. This showed that the manufacturing
process significantly affected the stability and integrity of the passive film, agreeing with the
fluctuations in the LPBF alloy’s OCP profile (Figure 4.33). Both the as-cast and LPBF samples
showed surface pores which can act as initiation sites for localised breakdown of the passive
film, especially where stress is concentrated such as near grain boundaries or unmelted
powder regions (Zhao et al., 2021; DelRio et al., 2023). This interpretation agrees with the
fluctuations in the LPBF alloy’s OCP profile (Figure 4.33), which were likely due to transient

disruptions in the passive layer.

The potentiodynamic polarization curves (Figure 4.34) revealed that the corrosion rate of the
LPBF alloy was lower than that of the as-cast alloy, showing that LPBF samples corroded at a
slower rate. This agrees with Choubey et al. (2004), who suggested that, despite initial
instability, the LPBF alloy developed a stable passive film that enhanced its long-term
corrosion resistance. The lower initial stability of the LPBF alloy’s oxide layer can be attributed
to rapid solidification, which produced fine microstructures (Figure 4.23) and potential
residual stresses (Sames et al., 2016), that may have caused the early instability of the oxide
films, as grain boundaries and residual stresses can act as active sites for corrosion or slow
down initial passivation kinetics (Ralston and Birbilis, 2010; Mazumder et al., 2022).
Additionally, the higher surface roughness of the LPBF sample (Figures 4.20 and 4.21), due to
the manufacturing process (Sun et al., 2014; Khan et al., 2020), could have made the oxide
less uniform and less stable. In rougher areas, the oxide film might have formed more
unevenly, with thinner or discontinuous areas, making it less protective at first. However, over
time, the passive layer stabilised and became more uniform, thus enhancing the long-term
corrosion resistance. Both samples had lower corrosion rates than 0.13 mm/year, the

acceptable maximum corrosion rate for biomedical implants (Bhola et al., 2011).

While the initial oxide film on the LPBF alloy may have been less stable (indicated by
fluctuations in OCP, Figure 4.33), the passive layer that eventually formed was assumed to be
more protective because of lower passive current density (lpass), Figure 4.34, which indicated

a more stable passive state and correlates with the reduced corrosion rate. Additionally, the
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finer microstructure of the LPBF alloy (Figure 4.23) enhanced the stability and protectiveness
of the oxide layer, as finer grains provide more nucleation sites for passive film formation
(Jelliti et al.,, 2013). LPBF-manufactured alloys exhibit improved resistance to localised
corrosion and lower overall corrosion rates, due to their finer, more homogeneous

microstructures (Cao et al., 2021).

The higher oxygen content of the LPBF samples (Table 4.11) indicated more extensive oxide
formation on the surface. This supports the interpretation that LPBF alloys developed a thicker
passive film than the as-cast alloys, giving lower corrosion rates. However, it is important to
realise that while a uniform passive layer improves corrosion resistance by limiting ion release
(Chen et al.,, 2023) excessive oxide formation during manufacturing can promote the
formation of brittle oxides, potentially compromising mechanical properties (Wei et al., 2011).
Moreover, as shown in Figure 4.36(a), uneven oxide distribution could introduce localised
defects. If the passive film becomes too thick or brittle, cracking may occur, exposing the
substrate to further attack. In addition, oxides penetrating along grain boundaries may
weaken the microstructure and increase the risk of embrittlement and mechanical failure

(Wang et al. 2022).

Table 4.11 shows that oxygen was present in both samples, indicating regions with corrosion
products. Titanium readily develops a protective TiO, film (which might be too thin to be
detected by EDX) when exposed to oxygen (Zhu et al., 2006; Olmedo et al., 2009), while Ta
and Zr stabilise this passive layer and improve corrosion resistance (Bocchetta et al., 2021).
The higher oxygen content in the LPBF samples indicated more extensive oxide formation on
the surface (Figure 4.36(a)), consistent with the finer microstructure promoting rapid TiO,
formation. While a uniform passive layer improves corrosion resistance by limiting ion release,
excessive oxygen uptake in LPBF can promote the formation of brittle oxides and oxygen-
enriched phases, which may initiate cracking or flaking at the surface, reducing ductility and
fracture toughness (Wei et al., 2011; Chen et al., 2023). In the as-cast sample, oxides were
more stable with less variability (Figure 4.33), whereas LPBF samples exhibited increased
oxygen, suggesting a thicker oxide layer. However, Jelliti et al. (2013) found potentially less

homogeneous oxide layers in LPBF samples, which increased susceptibility to localised attack.

EDX analyses of both areal (overall) and light regions on both samples (Table 4.11) showed
minor losses of Ta and Zr. The higher losses of Cu indicate that some copper was corroded and
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released into the surrounding solution. This release is beneficial because antimicrobial activity
increases with the concentration of Cu ions (Lui et al., 2014; Zhang et al., 2016a). However,
excessive Cu leaching can reduce the alloy’s mechanical integrity by promoting the formation
of brittle intermetallic phases (Hadebe, 2022). This disruption of chemical homogeneity and
passive film stability increases susceptibility to localised corrosion, which may further reduce
mechanical strength and compromise the long-term structural integrity and biocompatibility

of the implant (Balamurugan et al., 2008; Thakur et al., 2022).

Dark regions exhibited reduced Ti and Cu, and increased O and C (Table 4.11), indicating
localised corrosion and formation of TiO, and carbonate-based products such as CaCOs.
Elevated carbon in as-cast samples likely originated from surface deposits formed during
corrosion, including carbonates from reaction with dissolved CO, in PBS or adsorbed organic
residues (Qiao., 2023). Tantalum and Zr concentrations remained unchanged due to their

stable passive films (Bocchetta et al., 2021).

Microstructural differences affected corrosion rates: the as-cast alloy had coarser needle-like
(aTi) within large (BTi) grains (Figure 4.22), while LPBF alloys had finer, equiaxed (aTi) within
(BTi) matrix (Figures 4.23 and 4.24). The finer LPBF microstructure promotes faster oxide
formation, which can reduce mechanical integrity if oxides penetrate grain boundaries (Wang
etal., 2021). Comparison with the initial homogeneous composition (Table 4.7) demonstrated
that both samples showed differences of Ti and Cu (~32 mass% in the as-cast sample and ~46
mass% in the LPBF sample (Table 4.11) due to the formation of corrosion products on the
surface. This could affect structural integrity and biocompatibility (Liu et al., 2024), although
the apparent lower Cu content could have been due to the TiO; layer, which shielded the Cu
from EDX analysis. This indicated selective dissolution, potentially from galvanic coupling with
Ti, which could affect structural integrity and biocompatibility (Liu et al., 2024). There was
increased O, C, and PBS-derived elements (Cl, Na, Ca, K), while Ta and Zr remained unchanged,
showing a combination of localised oxide formation and preferential dissolution, particularly
in Cu-rich regions. The corrosion resistance of Ta and Zr was likely due to their stable passive

films (Bocchetta et al., 2021).

The corrosion rates of the Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloy varied with manufacturing
technique: the as-cast sample exhibited 3.27 x 1073 + 7.62x 10> mm/year, while the LPBF-
manufactured sample demonstrated a lower rate of 2.32 x 1073 + 6.21x10™> mm/year. These
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results indicated improved corrosion resistance in the LPBF alloy, due to finer microstructure
and the formation of a more stable passive film. Spotose (2023) reported a single as-cast value
of 2.2 x 10~* mm/year, which may not be fully representative. Wang et al. (2022) showed that
increasing copper content in Ti—Cu alloys led to reduced corrosion resistance, with Ti—=7Cu and
Ti—-10Cu having higher corrosion current densities than Ti—4Cu. Zadeh et al. (2024)
investigated selective laser melted Ti—10Cu alloys with corrosion rates ranging from 0.0107 to
0.0251 mm/year, depending on scan strategy and remelting conditions. These values were
higher than the present study, reaffirming that moderate Cu content and the addition of Ta,
Zr, and Ru enhanced corrosion resistance by supporting the stability of the passive film and

limiting ion release, as inferred from the lower corrosion rates.
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Chapter 6. Conclusions and Recommendation

6.1 Conclusion

The atomised powder met the LPBF specifications by being spherical with a Dso of 58 um. The
ultrasonically atomised powder had a narrow particle size distribution, ranging from ~50 to
~200 um. Sieving out the oversized and agglomerated splintered particles could be done to
provide an ideal feedstock LPBF. The phases observed after atomisation were (aTi), (BTi) and

TizCu.

The best LPBF Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloy tracks produced were even, smooth and
continuous, with the targeted alloy composition. The parameters for these tracks were: 157.5
W laser power, 600 mm/s scanning speed, 0.15 mm beam diameter, 0.263 J/mm linear energy
and 1.750 J/mm? planar energy density. The surface of the best track did not have visible

pores. The phases on the surface of the best track were (aTi), (BTi) and Ti,Cu.

The LPBF-manufactured Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) bulk samples had low overall
porosity ~4% (Figure 4.23). The reduced density and porosity were attributed to: (1)
incomplete melting of the powders, (2) poor bonding and (3) overlapping between adjacent
tracks. The sample achieved the highest densification of 96.4% with porosity of 3.6% agreeing

with micrographs (Figures 4.20 and 4.21).

The LPBF-manufactured alloy had finer (BTi) grains with (aTi) precipitated along grain
boundaries and as Widmanstatten needles within the grains. In contrast, the as-cast sample
had coarser (BTi) grains with coarse (aTi) on the grain boundaries and fine (aTi) within the
grains. The LPBF-manufactured sample had lower Cu and higher Ta compositions than the as-
cast sample, while both samples showed similar Ti, Zr and Ru compositions. The XRD patterns
of both samples identified (aTi), (BTi) and Ti,Cu. The LPBF-manufactured sample had similar

hardness to as-cast sample, with greater variation.

The LPBF-manufactured samples had greater antibacterial activity than the as-cast samples of
the same composition which was attributed to increased Cu ion release, which was enhanced

by the fine microstructure and surface porosity.

The as-cast Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloy showed lower tendency to initiate

corrosion, while the LPBF alloy showed better long-term corrosion resistance due to its finer
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microstructure and more stable passive oxide layer. The LPBF-manufactured had enhanced
passivation and a lower corrosion rate. Both manufacturing techniques had lower corrosion

rate than 0.13 mm/y the acceptable maximum corrosion rate for biomedical implants.

6.2 Recommendation for future work

e Future antibacterial testing experiments should include the Ti-6Ta-1.5Zr-0.2Ru alloy to
calculate the antibacterial rate and compare its performance with alloys containing
copper and those without copper.

e SEM analyses were insufficient to confirm the phases in the microstructure. To
accurately determine the crystal structure on the alloy surfaces, Transmission Electron
Microscopy or EBSD is recommended.

e Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) manufactured using laser powder bed fusion,
demonstrated potential for dental applications. To further optimise its properties, heat
treatments should be conducted to enhance corrosion resistance, relieve residual

stress and reduce hardness variability,
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Appendix 2: Sample preparation

L

Figure A2.1. Fracture behaviour of the A1, A2, and A3 samples from the AconityMIDI system.
The Al and A3 samples cracked upon removal from the build plate and handling on the desk,
while the A2 sample cracked during the Wire Electrical Discharge Machining (WEDM) cutting
process. The image shows the high density of the material in the A2 sample.

Figure A2.2. Platform after process with selected parameters -angle view.
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Figure A2.3. Platform after process with selected parameters - top view.

Figure A2.4. Homogeneous bars prior to atomisation.
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d-spacings (34) - Cu Ti2 - 04-003-1382 (Stick, Fixed Slit Intensity) - Co Kol 1.78896 A

20(°) d(ky 1 h k | =* 20(°) d(k) 1 h k| *
19094 5333050 44 0 0 2 92657 L236240 150 2 1 3
35717  ZE39E30 14 1 0 1 13.519 1138360 50 2 0 &
INT4E  IEGESZD 1 0 o0 4 104354 1131630 3 1 1 8
45245 R27F7I0 1000 1 0O 3 105493 L123770 3 2 1 5
50899 2081580 366 1 1 O 107382 1.110000 43 1 0 39
54853 1941350 11 1 1 2 112052 1078610 1 o 0 10
55679 1797680 10 O 0 6 118504 1040790 17 2 2 O
BLEES 1740030 14 1 0 5 172.157 1021930 1 2 2 2
£5.756 1647740 1 1 1 & 125671 1000930 1 217
T4B4T 1471000 87 2 D O 178335 094207 2 2 0 8
FRO9D 1419960 3 Z 0 2 132503 04877231 1 301
E2211 1350540 116 1 1 & 134310 0970974 1 2 1 3
E3.124 1348260 2 0 0 B 138,137 0957678 1 1 1 10
B6.389 1306810 1 201 1 121782 056643 24 3 0 3
B7.632 1791960 1 2 0 4 147,636 0830911 24m 1 0 11

© 2020 International Centre for Diffraction Data. All rights reserved. Pagel1/2
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04-0032-1382 . Oct 26, 2020 12:08 PM (669011}

26(=y  d (k) 1 h k | * 28(%) d(k) 1 h k|

147836 09308911 24m 3 1 O 166502 0900722 21 2 2 6

154361 DB17345 1 31 2 16E.706 0898842 5 oo 1z
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4 TisCu

04-007-0841 Oct 26, 2020 12:11 PM (669011)

Status Primary  Quality Mark: Indexed  Environment: Ambient  Temp: 298.0 K (Assigned by ICDD editor)
Chemical Formula: CuTiz  Empirical Formula: CuTi2  Weight 9%: Cu30.67 Tie9.33  Abtomic %%: Cu25.00 Ti75.00
Compound Mame: Copper Titanium  Entry Date: 09/01/2005  Medification Date: 09/01/2011

Maodifications: Reflections

Radiation: Cukol (1.5406 &)  d-Spacing: Calculated  Intensity: Calculated - Peak  IfIe: 737 IfIc - CW ND: 0.25

Crystal System: Tetragonal ~ SPGR: P4/mmm (123)

Author's Unit Cell [ a: 415854 & 3.5%4 &  Volume: 62148  Z: 1.00  MolVol: 62.14  cfa: 0.864 ]
Calculated Density: 5.535 0/cn?  Measured Density: 5.41 g/cm?  Structural Density: 5.54 afem?®
SS/FOM: F(30) = 71.6(0.0113, 37)

Space Group: P4/mmm (123) Molecular Wt: 207.15 g/mal

Crystal Data [ a: 4.158 8  b:4.158 4 ¢ 35944  @:90.00° e 90.00° v 90.00°  XHCell Vol: 62.14 A2
XtiCell Z: 1.00 cfa: 0.864 afb: 1.000  ¢/b: 0.864 ]

Reduced Cell [ a: 3.594 4 b: 41588 o 41584  @:90.00° B:90.00° y: 90.00° RedCell Vol: 62.14 43 ]

AC Space Group: P4/mmm (123)
ACUnitCell[ a: 4.158 &  b: 41584 e 358 A a:90° B 90°  y: 90° ]

Space Group Symmeltry Operators:

Seq Operalor — Seq Operator — 52q Operator — 5eq Operator  Seq Operator Seq  Operator
1 Y 4 A2 7 %, 2 10 ¥ X2 13 Y2 16 V%2

2 X2 5 H NI ] BT 11 ¥ X2 14 RO

3 X, 5 AT 9 YET 12 Yx,-Z 15 ¥E T

Atomic Coordinates:

Atom  Num koff mebry  x ¥ z SOF  IDP  AET

Cu 1 1a A4 mimim Do Do Do LO 12

Ti 2 1c Aframim 05 05 00 10 12-b

Ti 3 e mmm Do 05 0S5 Lo 12

Crystal (Symmetry Allowed): Centrosymmetric

Subfiles: Inorganic, Metal & Alloy  Pearson Symbol: tP4.00  Prototype Structure [Formula Order]: Ti3 Cu
Prototype Structure [Alpha Order]): CuTi2  LPF Prototype Structure [Formula Order]: Cu Ti3,tP4,123
LPF Prototype Structure [Alpha Order]: Cu Ti3,tP4,123  ANM: NO3

Cross-Ref PDF #'s: 00-025-1144 (Primary)  Former PDF Numbers: 01-071-7598

References:

Iype  DOI Reference

Primary Referenca Calculated from LPF using POWD-12++.

Structie Karlsson N. "AN X-RAY STUDY OF THE PHASES IN THE COPPER-TITANILUM SYSTEM®. 1. Inst. Met. 1951, 79, 391.

ANX: NO3. LPF Collection Code: 1250535, Sample Preparation: STARTING MATERIALS:Cu,Ti. Compound

Database Comments: ration: melted in induction furnace. CRIUCIBLE: zirconia. ATMOSPHERE: vacuum. Sample annealed in
sealed evacuabed silica tube below 1173 K, water-quenched. Minor Warning: No e.s.d repcged,fabs-h-acted
on the cedl dimension. No B factor reparted/abstracted.

d-spacings (41) - Cu Ti3 - 04-007-0841 (Stick, Fixed Slit Intensity) - Co Kal 1.78896 &

28y diky 1 h k | * () dik) 1 h k | =
24345 4158000 15 1 0 0 5283  L1.234830 150 3 1 1
28823 3594000 5 oo 1 95,501 1198000 1 oo 3
35424 2040150 6 1 1 0 100726 1153230 1 3 20
38412 2719050 10 1 0 1 101.977 L151170 1 1 0 3
45290 2275670 1000 1 1 1 103.649 1137840 51 2 2 2
50966 2079000 356 2 0 O 107.451 L109440 45 1 1 3
57.505  LE59510 3 2 1 0 109.093  LO98080  1m 30 2
59704 L7I7000 102m O O 2 109.093 1098080 1m 3 2 1
59704 L7FIFOO0 103m 2 O 1 114804 1051140 1 3 1 2
ES.585  LESIS50  4m 1 0 2 11B.743 1039500 17 4 0 O
E5.585 1651550 4m 201 1 124991 1008460 1 4 1 0
FL3?E 1533290 1 1 1 2 12572 1007090 1 21 3
74956 1470080 EB& 2 20 127.212 0598571 1 4 0 1
BO.387  L3E6000 1 300 131.759 DSE0050 1 3 30
B2285 1359530 11Bm 2 O 2 134213 D&7EAE3I  1m 3 2 2
B2285 1359530 11Bm 2 2 1 1347213 D&VBEF  1m 3 1 1
BS.730 1314880 1 310 142,174  D.545526 24 303 1
B7.511 1392210 1m 21 2 146333 D.829757 I3 4 2 0
B7.611 1392210 1m 30 1 161434 DS06350 1 30 3
© 2020 International Centre for Diffraction Data. All rights reserved. Page 1/ 2
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DEVELOPMENT AND CHARACTERISATION OF ANTIBACTERIAL TITANIUM-BASED ALLOYS WITH
COPPER FOR BIOMEDICAL APPLICATIONS

L Spotose'?, N.S. Phala™,

C. Polese™ and L. A Cormish"*

'School of Chemical and Metallurgical Engineering, University of the Witwatersrand, , *DSI-NREF CoE in Strong
Matenals, hosted by the University of the Witwatersrand, and D51 Cellaborative Programme m Additrve
h{miachmng,gﬁ:huu]ufMechmcd Asronautical and Indusirial Engineering, University of the Witwatersrand

Titanium and its alloys are used biomedically, including
dental mmplants, duee to thewr favoursble combinabion of
properties: low density, high strength, corrosion
resistance, excellent bilocompatibility and good
oszeointegration’. The widely used Ti-6A1-4V alloy has
concems as Al been associated with Alzheimer diseases
and phosphores deficiency in the blood and bone, while
V appeared to be cytotomac and show carcinopemic
properties’ Hence the development of new alloys with
non-toxac elements is necessary.

The aim of this study s to develop a Ti-based alloy that
15 not toxic and has improved corrosion resistance as the
human body has different electrolytes which contan
corrosive specites. The addibon of 5 mass% copper
promotes good antibacterial properties as well as
balanced mechanical properties in Ti-Cu based alloys®.
Small ruthenivm addifions enhance corrosion resistance
without changing the microstructure of the alloy®.

The titanium allovs were selected using Thermeo-Calc
and four alloys were chosen as therr (a+f) phase
proportions were similar to Ti-5A1-4V, which was used
as a reference alloy’. The alloys were: Ti-§Ta-1.5Zr, Ti-
6Ta-152r-5Cu, T1-6Ta-1 5Zr-0.2Fn and Ti-6Ta-158r-
SCu-02Fu (mass%:). High purity powders were mixed
in the required ratios and cast in a button arc furnace.
The samples were submerged m phosphate buffered
solution to test their corrosion resistance. Open circwt
potental was measured for up to 17 hours and
potenbodynamic polansation was camed out at 37°C.

The corrosion rates of all the alloys were: Ti-6Ta-1.5Zr
(0.00021 mm/y), Ti-6Ta-1.5&r-5Cu (0.00014 mmiy), Ti-
6Ta-15Zr-02Rn (000030 mmfy) and Ti-6Ta-157r-
0.2Bu-5Cu {0.00022 mmiy). Ti-6Ta-15Zr-02Fn had
the highest corrosion rate a= compared to other alloys
and all were below the recommended rates’ in
biomedical applications which 15 0.13 mmfy. Fig 1
shows the microstmcture of the Ti-5Ta-1.5Zr-0.2Fn
before the comrosion test and Fig. 2 shows the
microstructure of Ti-6Ta-1.5Zr-0.2Fu afterwards. There
was corrosion damage, as well as some scratches from
handling. Table 1 shows the EDX results of Ti-6Ta-
1.5Zr-5Cu (mass%) before and after the corrosion tests,
the EDX was done on an area of 20x20 pm’ on five
different places and the average was taken to represent
the bulk composihon. The EDX results shows that there
were munor losses of Ta and Zr, but higher losses of Cu
(almost 50%), which shows that some of the Cu was
lost. Howewer, this 1s beneficial since the antimicrobial
action ocours when copper is in the sumounding
solubion®.

References:

1. Jingjing, Z., et al. (2020), Calphad.
2. Liu, I, etal (2014), Mat. Sci. Eng. C, 35, 392
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3. Spotose, L. and Comish, L& (2021) Afncan
Inclusive Microscopy Network's Student Symposium.
4. Bhola, R, et al. (2011}, Trends Biomater Arhf
Organs, 25(1) 34

5.Li M, et al. (2016), Adv. Healthe. Mater, 5(5), 557.

Figure 1. SEM-BSE imape of Ti-6Ta-1.5Zr-0.2FRu
conirast) and (aT1) (dark contrast).

Figme 2. SEM.BSE image of Tiflal5Z:02Ru
(mass%) after comrosion, showing (FT1) (hght contrast)
and (aTi) (dark contrast).

Table 1. Owerall EDX analyses of Ti-6Ta-1.5Zr-5Cu
(mass%) before and after corrosion.

EDX annalysis (mass®a)
T Ta Lr Cua
Bafore BECH12 | 59405 | 11405 | 49407
coriosion
After 900403 | 50405 | 214006 | 23401
corresion

Comesponding author: 820850@students wits.ac za
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ATOMISATION OF Ti-6Ta-1.5Zr-0.2Ru-5Cu (wt%) FOR ADDITIVE
MANUFACTURING FOR BIOMEDICAL APPLICATIONS

N.S. Phala', C. Polese?, T. Choma?, L Zrodowski*H. Méller® and L.A. Cornish®

'School of Chemical and Metallurgical Engineering and DSI-NRF CoE-SM,
University of the Witwatersrand, South Africa, 820850@students.wits.ac.za
2School of Mechanical, Aeronautical and Industrial Engineering, South Africa,
claudia.polese@wits.ac.za
SAMAZEMET Warsaw University of Technology, Warsaw, Poland,
tomasz.choma@amazemet.com
*AMAZEMET Warsaw University of Technology, Warsaw, Poland,
lukasz.zrodowsk @amazemet.com
SAdvanced Materials Division, Mintek, South Africa. HeinM@mintek.co.za

8School of Chemical and Metallurgical Engineering, University of the
Witwatersrand and DSI-NRF CoE-SM, South Africa,
lesley.comish@wits.ac.za

ABSTRACT

The use of titanium alloys is growing fast as more people are living longer, and
need bio-medical implants, some of which are complex, especially in dental
applications. This encourages the use of additive manufacturing (AM), which is
being increasingly applied to shape titanium alloys. Laser Powder Bed Fusion
(L-PBF) requires the starting powders to be spherical and with 10-100 pm
particle size. For a previously identified alloy, Ti-6Ta-1.5Zr-0.2Ru-5Cu (wt%),
the powder was atomised by ultrasound then analysed by Malvern Mastersizer,
XRD and SEM-EDX to ascertain that it met the requirements for L-PBF.

*NS Phala
INTRODUCTION

Titanium and its alloys are used in biomedical applications, due to their
favourable combination of properties: low density, high strength, corrosion
resistance, excellent biocompatibility and good osseointegration'. These
materials are difficult to manufacture by conventional casting as they react with
oxygen, so additive manufacturing can be used successfully to produce
complex, high accuracy geometric parts cost-effectively. Laser Powder Bed
Fusion (L-PBF) is used to produce titanium alloys with good mechanical
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properties and low surface roughnes?, and the feedstock powders should be
spherical with 10-100 pm particle size. Atomisation produces spherical powders
for easy flowability and spreadability. Adding at least 5 wi% copper gives good
antibacterial activity as it forms TizCu which is responsible for anti-microbial
properties', and the Ti-6Ta-1.52r-0 2Ru-5Cu (wt%) alloy had been identified as
being suitable, with a small Ru addition for better corrosion resistance?.

METHODOLOGY AND RESULTS

The Ti-6Ta-1.52r-0.2Ru-3Cu (wt%) elemental powders were mixed manually,
then compacted. They were atomised ultrasonically using a rePowder system,
at 40 kHz frequency®. Initially, the powder had irreqular shapes and a Dso
between 45-60 pm.. After atomisation, the powder was analysed by a Malvern
Mastersizer and had a Dsg of 58 pm for particle size. SEM showed that the
powder was spherical after atomisation, Figure 1. X-ray diffraction was used to
determine the phases and (aTi) and TizCu were found, as expected?.

%

Fig 1. SEM-SE images of Ti-
powder: a) before atomisation and b) after atomisation.

CONCLUSIONS

The powder met the L-PBF specifications being spherical and within the 10-100

pm particle size range with a 58 um Dso. The (aTi) and TizCu phases were
found by XRD.

REFERENCES

[1] Zhang, E., et al. 2013. A new antibacterial titanium—copper sintered
alloy. Materials Science and Engineering C, 33(7), pp. 4280-4287.

[2] Ni, J., et al. 2019. Three-dimensional printing of metals for biomedical
applications. Materials Today Bio., 3, pp. 1-18.

[3] Spotose, L. Identifying Ti-Cu-based alloys for biomedical applications, MSc
dissertation, University of the Witwatersrand, 2023.

[4] Zrodowski, L, et al. 2021. Novel cold crucible ultrasonic atomization
powder production method for 3D printing. Materials, 14(10), pp 2541-2555.
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Atomisation of Ti-6Ta-1.5Zr-0.2Ru-5Cu (wt%) for
additive manufacturing for biomedical
applications

Newakoana Phala'", Claudia Polese®. Tomasz Choma®, Hein Maller*, Eukasz Zrodowski®

and Lesley Cornish'

ISchool of Chemical and Metallurgical Engineering and DSI-MRF CoE in Sirong Materials,
University of the Witwatersrand, South Africa

*School of Mechanical, Aeronautical and Industrial Engineering, University of the Witwatersrand,
South Africa

*AMAZEMET, Warsaw, Poland

*Advanced Materials Division, Mintek, South Africa

Abstract. The use of titanium alloys is prowing fast as people have lonper
life expectancies and small, customised, biomeadical implants, especially in
dental applications, encourage the use of additive manufacturing (AM) to
shape them. The Ti-6Ta-1.57r-0.2Ru-5Cu {wi%a) alloy has been identifiad
as a potential alloy for biomedical applications. Since laser powder bed
fusion {L-PBF) requires starting powders to be spherical and within a 10-
100 pm size range, the Ti-6Ta-1.57r-02Ru-3Cu (wi%) powder was
ultrasonically atomised and then analysed by a Malvem Mastersizer, XRD
and SEM-EDX to ascertain that it met the requirements of L-PBF.

1 Introduction

Titanium alloys are used in biomedical applications, including dental uses, due to their high
strength. low Young's modulus, excellent comosion resistance and biocompatibility, and
their ability to bond with bone (i.e. osseointegration) [1]. The Ti-6Al-4V alloy and
commercially pure titanium { CP-Ti) have been used in aerospace for engine components [2].
Both these materials started to replace stainless steels and cobalt-based alloys in many
biomedical applications since the 1970s [3] and are considered compatible due to their
excellent combination of tensile and fatigue performance as well as biocompatibility [4].
However, there are some concerns about Ti-6A1-4V since the alloying elements, aluminium
and vanadium, are considered toxic [3], whereas CP-Ti does not have sufficient strength for
load bearing implant applications [6].

Uszing Ti-6A1-4V as the (o) reference, recent studies were done to replace Al and V
with non-toxic elements for o+ stabilising. with zircomum and tantalum being proposed as
the potential non-texic alloying elements [7]. Copper was chosen becanse Cu additions to Ti
alloys promote antibacterial properties [8, 9]. According to Lim et al. [9], the Cu content must

* Correspondant author: 8208 S0/ students. wits ac.za

@ The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commaons
Attribution License 4.0 (hitps:fcreativecommons.orglicenses Ty 400,
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be at least 5 wi% to obtain stable antibacterial activity and balanced mechamical properties.
The Ti-6Ta-1.5Zr-0.2Fu-5Cu (wi%s) alloy was develeped as a new potential (o) Ti alloy
for dental applications [10]. Tantalum was chosen to replace V as a p stabiliser and Zras a
solution-hardening element. with Zr also contributing to the formation of a protective passive
film to give good corrosion resistance [7]. Ruthenmm was added to enhance corrosion
resistance without changing the microstructure and is also non-toxic to living tissues [11].

Additive mamifacturing (AM) was developed fow decades ago and more recently has
become useful and cost effective for fabricating small, gecmetrically complex obyjects [12].
The AM process mvelves fabrication of an object by depositing materials layer-by-layer
following a three-dimensional model generated using computer-aided drawing. Hence, AM
offers the added advantage of fabricating fully compatible and accurate biomedical
components [13]. Conventional methods (such as casting and powder metallurgy) require
multiple steps which linit the time for modification of the final product, and 1t 15 difficult to
produce complex shapes.

AM mcludes different technologies; for this work, the laser powder-based fusion (L-PBF)
method was selected becaunse it can be used to manufacture almost all metal alloys and has a
lowr direct cost [14]. L-PBF requires the starting powder to be spherical and within a typical
size range of 1545 um for easy flowability and spreadability [15], although AMAFEMET
stated that the powder could be in the size range of 10-100 pm [16]. The rePowder ultrasound
atomusation system (AMAZFEMET) was used to atomise the powder in small batches [16].
using commoen laboratory conditions and can generate high purity spherical powders.

Ultrasound atonusation 15 a liguud to solid process, where the material can either be melted
in a cmeible if the material is non-reactive and has a low melting point (e.z.. 5o, Zn Mg, Pb
and Al alloys), and can be poured inte the vibrating element or melted directly into the
sonotrode if the material is highly reactive or has a high melting point (e.g., alloys based on
Fe, Ti and Pt) [16]. The main principle of ultrasound atomization depends on the amplitude
and the swface wettability of the material [16]. Increasing the amplitude makes the lhiqmd
droplets smaller, and their size also depends on the frequency used and the properties of the
liguid itself. These droplets are ejected from the melt within the thin film of liquid on the
sonotrode surface [16]. The Particle Size Distribution (PSD) of ultrasound atomisation is
narrow which means that up to 80% of the manufactured powder can be nsed [16]. The main
factor that influences the PSD of the resulting powder is the frequency used. For L-PEF, a
40 kHz frequency is suitable for powder with a Dsy (average particle size) of 45-60 pm. The
atomisation is carried wnder inest gas using an electric arc or focused plasma [17].

2 Experimental procedure

Pure elemental powders of: Ti<45 pm, Ta < -60+100 mesh, Zr=APS 2-3 pm. Bn <45 pm
and Cu <45 pm particle sizes were mixed in the ratio for Ti-6Ta-1.5Zr-0 2Ru-5Cu {(wi%e) for
a total mass of 100 g. The powders were blended in a WAB T2C Twrbula mixer to obtain a
good mixtore, followed by compaction with an Instron 1175 testing machine with the
maximum lead of 70 kN and cross-head speed of 20 mm/mun Ultrasonic atomisation was
done using a rePower system [16], with a molybdenum alloy sonotrode at 40 kHz, with fixed
1554 current and 100-130% amplitude of the sonotrode at 180-280W, and 7 L/min argon gas
flow, with the blower set at 13-17% maximum power. The whole process was carried ont in
an argon atmeosphere. Powder produced was collected in an air lock container which was
sealed in argon for safe handling. Fig 1. shows the rePower system used [16]. A Malvern
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Mastersizer was used for particle analysis and the average of the three runs was recorded
before and after the atomisation. The powder was characterised by scanning electron
microscopy-energy dispersive X-ray spectroscopy (SEM-EDX) to determine the morphology
and elemental compositions before and after atomisation X-ray diffraction (XRD) with Co
radiation was used to determine the phases in the powder before and after atomisation. The
atomised powder was mounted in epoxy hot mounting resin and ground on 1200 grit grinding
paper and polished to ~1um and the cross sections of the particles were characterised by
SEM-EDX.

Fig 1. Fully equipped rePower system [16].

3 Results and discussion

SEM back scattered electron images of elemental powders show irregular shapes, Fig. 2. In
Fig. 2(b), the order of contrasts from lightest to darkest (based on atomic number) was Ta,
Ru, Zr, Cu and Ti.

Fig. 3 shows X-ray mapping results of the blended powder, which indicates the sizes and
morphologies of the different elemental powders. The titanium powder particles are larger
compared to Ta and Cu, which tended to be concentrated together. The Ru and Zr powder
particles were barely discernible due to their low proportions.

A : . 'c;’? "’ >

al powders of Ti, Ta. Zr, Ru and Cu before aoxisalion:

(a) lower and (b) higher magnification.
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Fig. 3. Elemental EDX maps of the elemental blended powder of Ti, Ta. Zr, Ru and Cu before
atomisation.

SEM-SE images of powders after atomisation are given in Fig. 4, showing that the powder
was spherical and within the size range required for L-PBF [17]. although there was a large
irregular particle (indicated by the arrow) in Fig. 4 (b).

Fig. 4. SEM-SE images of Ti-6Ta-1.5Zr-0.2Ru-5Cu (wt%) powder afier atomisation: (a) lower and
(b) higher magnification, showing large spherical particles and an irregular particle.

The EDX mapping results of powder particles after atomisation are given in Fig. 5. Alloying
occurred during atomisation and the distribution of elements was homogeneous.
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Fig. 5. EDX mapping of the atomised Ti-6Ta-1.5Zr-0.2Ru-5Cu (wt%) atomised powder.

Fig. 6 shows SEM images of the cross-sections of the atomised powder at lower and
higher magnification showing minor internal porosity, an irregular particle with regions of
different compositions (Fig. 6(a)) and dendrites (Fig. 6(b)). Fig. 7 shows the mapping of the
cross-sections of the powder. Table 1 shows that the contents were close to the targeted
composition, except for Zr which was lower than expected, probably because prior to
atomisation. the Zr had been weighed together with the liquid in which it was stored to
prevent oxidation The EDX results of the cross-sections of the irregular powders showed
that some particles did not have Zr and Ru. Ruthenium could have been lost because 1t was
the heaviest element and was also in a small proportion.

Fig. 6 . SEM-BSE images of cross-sections of Ti-6Ta-1.5Zr-0.2Ru-5Cu (wt%) powder, arrow
showing internal porosity.

i
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Fig. 7. EDX mapping of cross-sections of a few Ti-6Ta-1.5Zr-0.2Ru-5Cu (wt%) atomised powder
particles.

The area shown by the squares in Fig. 8 are examples of the scans on ten different particle
cross-sections and the average results are recorded in Table 1. The larger particles had
compositions closer to the target than the smaller and irregular particles.

Fig. 8. SEM-BSE image indicating the areas of the EDX analyses within cross-sectioned atomised
powder particles.

6
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Table 1. Targeted composition and EDX results for area scans of cross-sections of atomised Ti-6Ta-
1.5Zr-02Ru-5Cu {wi¥e) powder particles.

Ti Ta fr Ru Cu

Targeted 87.3 6 1.5 0.2 5

Larger BR.0+04 6.9+04 0.1 +046 0.2+0.1 48=02
spherical

particles

Smaller 87.2=05 521046 0.0+0.0 0.0+0.0 T6=08
irregular

particles

Particle size distributions of the blended elemental powder before atomisation are shown
inFig 0 and Fig 10 for the alloy powder after atomisation. Fig. 9 has a small peak at ~9 pm
with the largest peak at ~50 pm and another small peak around ~250 pm. Fig. 10 shows that
there were no particles below 10 um and a second peak at 800 pm after atomisation. EDX
of these particles showed that all the targeted elements were present in the large, spherical
particles. Fig. 11 shows a large particle formed by agglomeration of smaller particles, which
had not been atomised comrectly. and this was also cbserved by Maller et al. [18] who
attributed the phenomenen to splintering of the feedstock material before melting. Tt 15 likely
that the splintered particles. having high surface areas. would combine to form the larger
particles and reduce the sniface area and energy, even if not atomised properly. Moller et al.
[18] also cbserved composite particles that formed by spattering of liquid that was ejected
from the arc and landed on another particle, and in this work i3 shown as agglomerated small
particles of different compesitions in Fig. 6(a). This could also explain why some of the
wregularly shaped particles had only Ti, Ta, and Cu (Table 1). Fig. 11 shows this, and that
some of the spherical particles were inchuded in the agglomeration.

Particle Size Distributh

12

10

Volume (%)

%.I}l 0.1 1 10 100 1000 3000
Particle Size (pm)

Fig. 9. Particle size distribution of blended elemental powders of Ti, Ta, Zr, Ru and Cu before
atomisation.
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Fig. 10. Particle size distribution of Ti-6Ta-1.5Zr-0.2Ru-5Cu (wt%) powder after atomisation.

Fig. 11. SEM-SE image showing an agglomeration of splintered particles.

Table 2 shows the summary of the particle size distributions (PSD) before and after
atonusation. For both, the Dsp was within 45-60 um. where Dsp 1s defined as the average
particle size of the powder. The PSD of the powder after atomisation could have been
narrower if a #200 pm sieve had been used.

Table 2. Average particle size distributions of blended powder and after atomisation.

Do Dso Do
Blended elemental powder 25.1 48.6 100.6
After atomisation 40.7 58.3 106.9

X-ray diffraction (XRD) also showed that alloying occurred during the atomisation. Fig. 12
shows XRD results of the blended elemental powders of Ti, Ta, Zr. Ru and Cu before
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atomisation, with major peaks of Ti and a Ta peak. Conversely, Fig. 13, after atomisation,
has some different peaks, with Ti;Cu that gives the antibacterial properties of the alloys [8].
which is beneficial for biomedical applications. The Zr and Ru would not be expected to have
been detected, since their amounts were below the 4 vol.% detection limit for XRD, although
Cu should have been detected, albeit with low peaks. Since the backgrounds were high (small
particles), possibly the Cu peaks were lost in the background.

1200 -
@
o ® Ti (PDF 00-044-1294)
. o Ta (PDF 00-004-1288)
800 -
7
§ 600 - ©
Q
=
al 400 - ®
) @ @
200 -
P
0 y . ; v ' : . ’ .
20 40 60 80 100

26(%)

Fig. 12. XRD pattern for blended elemental powder before atomisation.
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Fig. 13. XRD pattern for Ti-6Ta-1.5Zr-0.2Ru-5Cu (wt%) powder after atomisation.

4 Conclusions

#  The powder met the L-PBF specifications of being spherical and with a Dsp of 58
L.

e  The ultrasonically atomised powder had a narrow particle size distribution. Sieving
out the oversized, agglomerated splintered particles would make it an ideal
feedstock for Additive Manufacturing technologies.

#  The (aTi), (fTi) and Ti;Cu phases were found by XRD after atomisation.

The awthors would like to acknowledge Libo Spotose for developing this alloy, NEF, CoE-
SM and the Collaborative Programme on Additive Manufacturing (CPAM) (Coatract CSIE-
NLC-CPAM-21-MOA-WITS-01) for financial support, Mintek for blending and compaction
of the elemental powders. Warsaw University of Technology and AMAZFEMET for
atomisation of the powder, Letta Ntuli for 3RD measurements, and Zaynab Cader for SEM
operation.
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ABSTRACT

Printing of single tracks from atomised powder was done to determine the
optimal parameters for Laser Powder Bed Fusion of Ti-6Ta-1.5Zr-0.2Ru-5Cu
(wt%) varying- laser power, scanning speed, beam diameter, linear and planer
energy density. The single tracks were characterised by SEM and showed
variations of microstructural homogeneity. The best tracks were produced at
157.5 W laser power, 600 mm/s scanning speed, 0.15 mm beam diameter,
0.263 J/mm linear energy and 1.750 J/mm? planer energy density.

*NS Phala
INTRODUCTION

Titanium alloys are used in dental implants because of their excellent properties
which include biocompatibility, osseointegration and good mechanical
properties [1]. The original Ti-6Ta-1.5Zr-0.2Ru-5Cu (wt%) alloy was cast [2] and
had Ti2Cu precipitates which are responsible for anti-bacterial properties [1].
Spherical atomised powder had been produced within 10-100 pm particle size
and had (aTi), (BTi) and Ti2Cu phases [3]. This powder was used to fabricate
the Ti-alloy with the same composition using Laser Powder Bed Fusion (L-
PBF). The first stage was to produce single tracks to optimise the printing
parameters.
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METHODOLOGY AND RESULTS

Single tracks of atomised powder of Ti-6Ta-1.5Zr-0.2Ru-5Cu (w1%)® were
printed using an Aconity MIDI system [4] with different parameters: laser power,
P: 120-280 W, scanning speed, Vs: 200-1200 mm/s, beam diameter, D: 0.8-
0.36 mm, linear energy, Ev: (0.120-0.7880 J/mm) and planer energy density, U:
0.600-9.844 J/mm2. The single tracks were characterised by SEM. Balling

effect phenomenon and stable melt track obtained with optimised parameters
are presented in Figure 1.

| P=280 W, Vs=1200 mmis, D036
- mm, Ev=0.233 J/mm, U= 0.648 J/mm2 '

........................................................................................................................

Figure 1: SEM images of selected single tracks fabrlcated usmg L-PBF.
CONCLUSIONS

e The optimised parameters were 157.5 W laser power, 600 mm/s
scanning speed, 0.15 mm beam diameter, 0.263 J/mm linear energy
and 1.750 J/mm? planer energy density.

¢ These parameters produced a homogeneous microstructure.
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Abstract. Pninting of single tracks from atomised powder was camed out
to determme the potential parameters for Laser Powder Bed Fusion of Ti-
6Ta-1.5Zr-0.2Fn-3Cu (mass?:). Parameters that were vared included laser
power, scanning speed, beam diameter, linear and planar enerzy density.
The single tracks were characterised by SEM and SEM-EDIX showing
variations in microstructural homogeneity. Promising tracks were produced
using laser power of 137.5 W, scanning speed of 600 nmy's, beam diameter
of 0.15 mm 0263 J/mm linear energy and 1.750 Jimm® planar energy
density. XED for one of these tracks indicated (oT1) and (BT1) solid solutions
as well as the TizCu phase.

1 Intreduction

Laser Powder Bed Fusion (LPBF) 15 an additive manufacturing (AM) technique that involves
applying thin layers of powder to a build plate and using a laser energy sounrce, fuses the
powder based on the designed geometry [1]. Powders are heated and fused layer-by-layer
according to the design created in computer-aided design (CAD) software to produce near-
net-shapes [2]. This can be done to build Ti-based alloy components with complicated

* Comresponding author: 820830 istudents wits.ac za
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zeometries and excellent mechanical properties [2], which is beneficial for increased design
flexibility for complex geometries. shorter production times and less material waste [3].

LPEF is now being used to produce near full density (99.5%) parts with mechanical
properties like those fabricated wsing conventional methods although they are still wealker
when exposed to cyclic loading [1]. Medical devices are a significant portion of the AM
market, and the request for healthcare components is increasing for therapeutic delivery,
surgical planning. implant design and tissue engineering applications [4]. AM can be used to
customise medical devices and prostheses to the unique anatomy of each patient [5].

Titanium alloys are uwsed in dental implants because of their excellent properties,
including biocompatibility, osseointegration and good mechanical properties [6]. Ti-6Ta-
1.3Zr-0.2Bn-5Cu (mass%) was developed as a potential a+fi alloy for biomedical mmplants
[7]- The addition of 5 mass% copper promotes good antibacterial properties thanks to the
formation of Ti2Cu precipitates [§], as well as balanced mechanical properties. A 0.2 mass%s
rutheniem addition enhanced corrosion resistance without changing the microstructure [7].
In dental implants, corrosion resistance is important as mouths have various electrolytes with
some corrosive species. The as-cast Ti-6Ta-1.5Zr-0.2Fu-5Cu (mass%) alloy [7] had the
required ToCu precipitates, Fig. 1. Spherical atomised powder of the same composttion had
been produced with particle sizes within a 10-100 pm range for compatibility with the LTPBF
process [8].

B EHT = 20.00 kY Sigmat A= NTS BSD Piate: 39 Mar MI2T
WO= 1§ s Mag s BOLOOK X Tirsa: 124815

Fig. 1. SEM-B5SE image of as-cast Ti-6Ta-1.52r-0.2Fn-5Cn (mass®o) showing mside one
grain with (oT1) needles (dark), (1) matrix (medim) and Ti2Cu (light) [7].

To achieve the desired properties. optimisation of LPBF process parameters is
necessary to produce high-guality, defect-free components [9]. Thus, it is important to
understand the relationship between the processing parameters, geometry and the resulting
microstructure [10]. Preliminary methods that are mestly used are expensive and require
more material and energy, as aviation standards mention that the first 2.5 mm of the part from
the base plate should be discarded as the process has not reached thermal stability [11]. A
more recent single track approach is instead cost-effective as it requires less material and
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energy to preliminarily evaluate the effects of different combinations of LPBF process
parameters on the geometric characteristics of the obtained deposit and the changes in
microstructure [12]. While these single tracks might primarily indicate weldability, as the
iteraction with the base plate limits their ability to provide insights into the final properties
of the components. they can help identify a suitable process window to build complex 3D
shapes.

In IPBF. the influence of laser power and scan speed on AM components is important
[12]. Linear energy density (LED). defined as the ratio of laser power to scan speed,
significantly impacts the melt poel's characteristics, incloding its shape and thermal
dynamics, which in tum affect the microstructure. grain size, porosity and mechanical
properties of the final part [13]. Additionally. factors such as the base plate size and powder
characteristics influence cooling rates. nltimately determining microstructure and mechamical
properties. Utilising a finer laser spot size can create a localised concentration of heat,
vielding more energy for a given laser power and scan speed. Moreover, planar energy
density (PED), which is the energy input per unit area, along with the thermal properties of
the powder, offers a deeper understanding of the melting and fusing processes [12].
Controlling PED iz crucial for achieving the desired dimensional and mesphelogical
characteristics of the melt pool, ensuring good adhesion between the base substrate and the
fused tracks [12].

This study investigates L PBF of a newly developed Ti-6Ta-1.5Zr-02Bn-5Cu (mass%s)
alloy, aiming to identify potential process parameters through single tracks analysis. Single
tracks printing experiments were performed with varying laser power, scanning speed and
beam diameter. The analysis of the swrface of the LPBF single tracks involved their
morphology and microstructieral characterisation, in comparison to the as-cast alloy, using
SEM, EDX and XED. The final goal is to fabricate defect-free components for biomedieal
implants wsing a newly developed Ti-Cu alloy with improved antibacterial properties,
contributing to the expansion of the T PBF process in the field

2 Experimental procedure

Single tracks of atomised powder of Ti-6Ta-1.57r-02FEn-3Cu (mass%) [2] were printed
using an AconityMIDI system with different parameters. Table 1. The particle size used was
30-60 ym. The single tracks were LPBF printed on squares made of 20 layers of this alloy
on a 1 mm thick disc of Ti-6A1-4V used as the substrate, see Figure 2. This was done to
prevent melting of the substrate and prevent the mnfluence of its chemieal composition on the
single tracks. Subgroups of five single tracks, sach with a different parameter combination
as reported in A TPBF sample was prepared using standard metallographic preparation and
polished vsing colloidal silica.
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Table 2. were printed on eight supporting squares. Fig. 2 shows also the directions of argon
gas for oxidation prevention. melting and recoating (the blade that is used to coat a layer of
powder during L PBF).

Table 1. Printing range parameters for the single tracks.

Laser power Scanning Beam Linear energy | Planar energy
speed diameter density density
120-280 W 200-1200 mm/s | 0.08-0.36 mm | 0.120-0.7880 0.600-9.844
J/mm Jimm?

Fig. 2. Photograph of the Ti-6A1-4V substrate disc with 8 LPBF squares supporting 5 horizontal single
tracks each, showing directions of argon gas flow. melting and recoating.

Micrographs of the tracks from different processing parameters were compared using
scanning electron microscopy (SEM) (Zeiss Sigma Field Emission Scanning Electron
Microscope (FEG-SEM300)) to check if they were printed evenly. The compositions were
analysed using energy dispersive X-ray spectroscopy (EDX) on the SEM to ascertain whether
they were homogeneous and of the targeted composition. The squares with the single tracks
were removed from the disk using electrical discharge machining (EDM). An X-ray
diffraction (XRD) D2 Phaser (Bruker XRD) with Co-Ka radiation (2=1.78899 A) was
operated at 50 kV and 20 mA with a nickel filter, scanning for 10-130° degrees for 17 minutes
to identify the phases. A IPBF sample was prepared using standard metallographic
preparation and polished using colloidal silica.
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Table 1. Ponting parameters for the single tracks.

Laser Scanming Beam Linear Planar
Number power (W) | speed (mm's) diameter ENETZY energy
{mm}) density density
{J/mm) 1J.-'mm1]l
171 600 0.08 0.285 3.563
17 400 0.08 0.428 5344
L. 17 600 0.15 0.285 1904
17 400 0.15 0.428 2.850
171 200 0.15 (.855 3.700
1575 1200 0.08 0.131 1.641
15735 1000 0.08 0.158 1.969
-8 1575 800 0.08 0.197 2461
157.5 600 0.08 0.263 3281
1575 400 0.08 0.394 4922
1575 1200 0.15 0.131 0.875
1575 1000 0.15 0.158 1.050
3 1575 8O0 0.15 0.197 1.313
1575 600 0.15 0.263 1.750
1575 400 0.15 0.394 2.625
1575 600 0.22 0.263 1.183
1575 600 0.15 0.263 1.750
4. 1575 600 0.08 0.263 3281
120 1000 0.15 0.120 0.300
1 1000 0.08 0.120 1.500
315 1200 0.08 0.263 3281
313 1000 0.08 0.315 3.938
5. 315 800 0.08 0.394 4922
313 600 0.08 0.525 6.563
313 400 0.08 (.788 5.844
313 1200 0.15 0.263 1.750
315 1000 0.15 0.315 2100
6. 315 800 0.15 0.394 2,625
313 600 0.15 0.535 3.500
313 400 0.15 0.788 3.250
1575 600 0.36 0.263 0,729
1575 600 029 0.263 0,905
7. 1575 600 022 0.263 1.193
1575 600 0.15 0.263 1.750
1573 600 0.08 0.263 3.281
280 1200 036 0.233 [.648
280 1200 0.29 0.233 0.805
8. 280 1200 022 0.233 1.061
280 1200 0.15 0.233 1.556
280 1200 0.08 0.233 2017
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3 Results and discussion

Figure 3 shows the morphology of the single tracks of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) for
constant laser power and beam diameter. with varying scanning speeds. The un-melted
spherical particles in Figure 3a had a particle size of 51.4=1.9 um which was within the 43-
60 um average particle size of the atomised powder [8]. The un-melted spherical powders
were randomly distributed and were present in all the samples; some samples had more un-
melted spherical particles, Figure 3a, and others had fewer, Figure 3c. Figure 3d shows that
at higher scanning velocities. the tracks were unstable along the printing direction. and
“balling”™ occurred as shown by the circle. Balling is a surface defect that occurs because of
severe instability of the molten pool induced by the high melt viscosity under a relatively low
energy density [12]. decreasing surface quality and densification [13]. Gao et al. [16]
demonstrated that large Marangoni convection and liquid capillary instability in the molten
pool were the primary causes of balling at high scanning speed. Balling. shown in Figure 3d,
is caused by insufficient contact of the melt with the solid substrate and occurs at high
scanning speeds due to the limited energy input [17]. The dark particles in Figure 3d were
contaminations from separating different squares of tracks using EDM.

§ Un-mhad spherical particles

N

Fig. 3. SEM-BSE images show the morphology of the single tracks at constant laser power: 157.5 W,
beam diameter: 0.15 mm and scanning speeds of (a) 600 mm/s, (b) 800 mm/s, (c) 1000 mm/s and (d)
1200 mm's, the white circle showing the balling.

Fig. 4 shows that increasing the laser powder and reducing the beam diameter reduced
“balling™ at higher scanning speeds. High voltage and lower scanning speed results in higher
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LED which causes porosity [12]. However, Fig. 4d shows that high scanning speed results
in balling. Guo et al [18] studied single-track fabrication of niobium and titanium alloys
finding that when laser energy density increased, the track width and substrate penetration
also increased. This was found in this work because when the LED increased. the tracks were

Mgt O P
e WO A Moge 000N

Fig. 4. SEM-BSE images showing the morphology of single tracks at 315 W laser power. 0.08 mm
beam diameter and scanning speeds of: (a) 600 mm/s, (b) 800 mm/s, (c) 1000 mm/'s and (d) 1200 mm/s.

Fig. § shows that “balling™ at higher voltage and higher scanning speed increased with
increasing beam diameter. High beam diameter resulted in lower PED which caused rougher
surfaces and lower hardness [19]. and Fig. Sc and 5d show that lower PED caused balling.

-
13
AP
- T M0 Dwow 13 Fet 200
o |

166



MATEC Web of Conferences 406, 07009 (2024) https://doi.org/10.105 1/mateccon /202440607009
2024 RAPDASA-RobMech-PRASA-4AMI Conference

+ 4 1 0 b

- . B

[ 20 M maw Tyt 4 = N5 E3D Do 73 ok X6 . I 200 ey
[ - 4

WO s Mage re3x Aoy Saw s 80,06 oy 4 WO B Meaw 18K Apwtrn Sre + 6 % g

Fig. 5. SEM-BSE images showing the morphology of the single tracks at 280 W constant laser power
and 1200 mm/s scanming speed for beam diameter: (a) 0.15 mm. (b) 0.22 mm. (c) 0.29 mm and (d) 0.3
mm

Fig. 3a identified the best single track which was even, continuous with a smooth
surface. Although the tracks in Fig. 4a-c also appear good, they were done with high LED
which can cause porosity [12]. even though no porosity was observed on any single track
surface (and the surfaces were not sectioned). “Balling™ is undesirable in I PBF because it
can lead to inhomogeneity in the next powder layer or to collisions with the recoater/roller
that deposits the powder layer [19]. The best single track was printed using 157.5 W laser
power, 600 mm/s scanning speed. 0.15 mm beam diameter, 0.263 J/mm linear energy and
1.750 J/mm?” planer energy density, so these were identified as potential parameters.

Fig. 6 shows a higher magnification image of the best single track within the analysed
combinations showing nucleation sites with the dendrites growing out from them

2 ENT= 20004V SgmiAx NTS 85D Dt & Fab 20M
— WO 8T me Mege 1000KX Apedure Size = 60.00 yw

Fig. 6. SEM-BSE image showing the best single track of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) at higher
magnification.
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Fig. 7 shows the microstructure of the LPBF sample. The previous as-cast sample [7].
Figure 1. had (BTi) needles, while the LPBF microstructure showed («T1) formed along the
grain boundaries with small precipitates in the (BTi) matrix The difference in the
microstructures was due to the different solidification rates.

1pm* EMT= 2000V Sipnel A » NTS 85D Date 10 May 2004

i

WD« Sdmm Mogs 1R0OKX Apetvee Size = 60 00 pm

Fig. 7. SEM-BSE image of LPBF Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%). showing inside (aT1) along grain
boundaries and dendnites within (BT1).

The expected composition was obtained for the spherical particle and the best single
track, as shown in Table 3. The EDX results were the same for Ta and Ru. The LPBF
sample had slightly higher Cu and lower Ti and Zr than the as-cast sample [7]. The dark
spot was mostly contamination,

Table 4.

Table 3. EDX results from as-cast [7], surface of the best single track and the spherical particle of Ti-
6Ta-1.5Zr-0.2Ru-5Cu (mass%).

EDX (mass%)
Alloy
Ti Ta Zr Ru Cu
As-cast [7] 86.0=1.6 7.4=09 2008 | 0.4=0.6 4515
Best single track 838=15 7.4=03 1.7=0.1 | 0.4£0.1 6.7=1.8
Spherical Particles 81.6=1.5 7402 1915 | 0.2=0.1 8.9=0.1

Table 4. EDX result of dark spot on Ti-6Ta-1.3Zr-0.2Ru-5Cu (mass%) best single track.

Aloy | ¢ | o | si | a | K | Ti | Fe |
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Dark spot 426+56 | 34294 | 0.7=0.1 | 0604 | 32514 | 18228 | 0.9=01

Fiz. 8 shows the XRD pattern of the best single track of Ti-6Ta-1.5Zr-0 2Ru-5Cu
(mass?e) identifying (aT1), (ET1) and the TixCu phase which is beneficial for enhancing the
antibacterial properties of the alloys [6]. Although Canale and Servant [21] identified Ti;:Cu
on solidification and Fowler [22] identified it in a 5 mass% Cu sample, the XRD peaks are
so similar to TiyCu that they are indistinpuishable at low amounts and Ti;Cu is not stable
[23]. Tantalwm zirconinm and mutheninm were not detected, because they were dissolved in
the (cTi) and (BTi) solid sclutions.
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Fig. §. XPD pattem of the best single track of Ti-6Ta-1.3Zr-0 2Fn-5Cu (mass®e).

4. Conclusions

The best LPBF Ti-6Ta-1.5Zr-02Bn-3Cu alloy (mass%) tracks produced during this
preliminary study were even. smooth and continmons, with the targeted alloy composition.
The parameters for these tracks were 1575 W laser power, 600 mm/'s scanning speed. 0.13
mum beam diameter, 0.263 J'mm linear energy and 1.750 J'mum® planar energy density. Their
surface microstructure consisted of a matrix of BTL with aTi located at the zrain boundaries
and precipitated within the grains. These LPBF tracks exhibited smaller grains compared to
the as-cast sample. X-ray diffraction (XED) analysis of the surface of these LPBF tracks
identified the presence of aTi PTL and TixCu phases.
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CHARACTERISATION OF Ti-6Ta-1.5Zr-0.2Ru-5Cu PRINTED BY LASER POWDER BED FUSION
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T]Emmaﬂuysmusedmhunrd}calapphcﬂhumfur
their sirength, ComoEion resistance, and
biocompatibility®. Additive mamrEm:tm'u:lg, particularky
laser powder bed fusion (LPEF), enables the production
of complex, customised implants*. This smdy evaluated
the effectiveness of 3D printing the Ti-6Ta-1.57r-
0.2Ru-3Cu (mass%) alloy, which had been designed®
and ulrasonmically atomised”, and printed as single
tracks to determine the optimal conditions®.

Ti-6Ta-1.5Zr-0.2Ru-2Cu (mas=s%) squares (10 x 10 x
1.2 mm) were manufactured using an AconityMIDI
system. Manufacturing parameters were: 1575 W laser
power, 600 mm's scanning speed, 0.15 mm beam
diameter, 0.03 mm layer thickness, .05 mm hatching,
and 0.2625 J/'mm linear epergy density, with 5 mm
stripes and 0.1 mm owverlap under arpon flow.
Bemelting of the previous sclidified layer was deone
with 280 W laser power, 3000 mm.s speed, and 0.08
mm beam diameter. Both LFBF and bulk composition
(arc-melted bars prior to atomisation) samples were
prepared by standard metallography, polished with
colleidal silica, and characterised by SEM (Zeiss Sigma
Field Emission Scanning Electron Microscope (FEG-
SEMS500)).

Fig. 1. shows the bulk sample with (aTi) needlss in a
eutectoid-like mixture of (@Ti) and (BT:). Fig. 2. shows
an LPEF square, with (aTi) along the (FTi) grain
boundaries and as small precipitates in the mamix. The
bulk sample had (aTi) needles az the primary phase,
whereas the LPBF squares had primary (fTi), with
(aTi) precipitated along the prain boundaries and as
coarse Widmanstitten needles. Both samples had darker
contrasts in the (aTi) phase, which were partially
detached {aTi). However, Thermo-Calc® identified the
phases as primary (fTi) with three phases at low
temperatures: mainly (oTi) with small amounts of (FTi)
and Ti.Cu, although the latter was not identified here.

The LPEF sample had the targeted Zr composition, with
lower Ti and Cu, and higher Ta and Ru. Conversely, the
bulk sample had the targeted Ta composition, with
lower Ti and Zr, and higher Ru and Cu, Table 1. The
driving force for the difference in microstrochure of the
bulk and LPEF i= the cooling rate, imespective of the ~3
mass? difference in Ta and Cu, as shown in Table 1.
LPEF had much higher cocling rates resulting in
smaller grains, while the bulk had slower cocling rates
and larger grains.
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Figure 1. SEM-B5SE image of Ti-6Ta-1.3Zr-0.2Ru-3Cu
(ma=s%) bulk zample: (aTi) needles (dark) and (aTi) +
(BTi) matrix (light and dark).
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Figure 2. SEM-BSE image of Ti-5Ta-1.5Zr-0.2Ru-5Cu
(mass%) LPBF square: (BTi) (light) and (oTi) (dark).

Table 1. EDX resulis of a bulk sample and LFBEF
squares of Ti-6Ta-1.5Zr-0.2Ru-3Cun (mas=%).

Alloy | Tu Ta Ir Bu Cu
Bulk: | 844204 | §4202 | 14202 | 04202 | 74203
Areal
LPBF; | 84,5207 | 8905 | 1.50.1 | 0.3=0.1 | 4.8+0.2
Areal
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OEMMMdDmTA‘bi 52r-0.2Ru-5Cu

objuctiven

+The alloy was manufactured by LPBF using ultrasonically atomised powder. < To assess the sutabiity of the selected LPBF parameters for fabricating
alloy squares by microstructure and phase analyss.

<The single-rack method was used to identfy potential printing parameters®. < To compare properties of LPBF manufactured and as-cast samples.
- _DCERMENTALPROCEDURE

OTM&lMOM(m%)mWaaWMMMTaM
strength, Zr for solution hardening and corrosion resistance, Ru
resistance” and Cu for antbacterial

Manufacturing
LPBF sample * 157.5W aser power,
m"m + 0.15 mm beam dameter, samgples by Imud"m"sw
system. ¥ ggx”m' SEM-EDX and and as-cast
2 hakhing, XRD. samples.
* 0.2625 Jmm inear energy censity.

RESULTS AND DISCUSSION
< Fig. 1. LPBF square had finer prmary (BTi) grains weth (aTi) precipitated along grain boundaries and as Widmanstatten needies.

< Fig. 2 As-cast sample had coarser (8Ti) grains with coarse (aTi) on the grain boundaries and fine (aTi) within the grains. The darker parts of the needies had
slightly more Ti, slightly less Cu and slightly less Ta, showing that there was variation in (aTi).

< The coarser needies inside the grains in the LPBF sample were caused by the reheating when depositing the next layer, even though the LPEF sample cooled
quicker.

<The LPBF sample had lower Cu and higher Ta compositions than as-cast sample, while both samples showed simiar Ti, Zr and Ru compositions (Table 1).

<Fig. 3. shows the hardness profiles across the samples. The LPBF sample had more vanation, although the average hardnesses were similar.

_;g,Q )@DMT@MHMM whie Ta. Zr. and Ru dissolved in (aTi) and (BTi) solid solutons.
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Tabie 1. mxmawmmwwa’mr:.-tm
0.2Ru-5Cu (mass%).

0ammnu(am(sr)mr.,cu
Allo EDX (mas % LPBF sample was assumed to have had higher cooling rates with smaller

grans. i
80:06 | 15201 | 03:00 | 46:03 0£WMMMMMMMMm
844:05 | 64102 | 14202 | 04202 | 74203 || & Funure work will include comosion tests.
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