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Abstract

Abstract

Selective laser melting (SLM) is an additive manufacturing (AM) technique that is
capable of fabricating complex functional three-dimensional (3D) metal parts of high
relative density with the complete melting and fusion of powders. As a powder bed
fusion technology, SLM has the potential in expanding the materials library by
formation of alloys that were previously difficult to achieve from metal powder

mixtures that can be customised according to the application requirements.

Titanium-tantalum (TiTa) is a potential material for biomedical applications due to its
high strength to modulus ratio. However, it is still not widely used due to the
difficulties in obtaining this alloy. SLM is chosen as the method to form this alloy due
to its versatility in processing metallic materials and good results obtained from
commercially pure titanium (cpTi) and Ti6AI4V. This research aims to develop TiTa
as a potential material for biomedical applications. The study also paves the way for
better understanding and control of the SLM process in porous lattice structure

fabrication through statistical modelling.

Firstly, the TiTa formation is studied to understand the forming mechanism and the
effect of SLM processing parameters on the resulting density and macrostructure of
the parts. The processing window and optimised parameters based on optimum
relative density achieved are then presented. Secondly, the resulting microstructure of
TiTa parts was examined and characterised to facilitate the understanding of the SLM
forming process. The SLM TiTa parts exhibited a microstructure characterised by
homogenous P titanium and tantalum matrix with randomly distributed tantalum
particles. Thirdly, the mechanical properties of SLM TiTa parts is benchmarked

against the more commonly used cpTi and Ti6Al4V. The TiTa Young’s modulus is
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75.77 £ 4.04 GPa and has yield strength of 882.77 + 19.60 MPa, ultimate tensile
strength of 924.64 + 9.06 MPa and elongation of 11.72 = 1.13 %. It is found that SLM
TiTa parts have lower Young’s modulus and comparable strength to Ti6Al4V and

cpTi.

Fourthly, the effect of SLM processing parameters on lattice structure properties is
statistically modelled and analysed using regression analysis and analysis of variance
(ANOVA). It is shown that laser power and layer thickness are dominant factors in
affecting the properties of the lattice structures. Lastly, the properties of SLM TiTa
lattice structures are also benchmarked against lattice structures fabricated using cpTi
and Ti6AIl4V. With 59.79 £ 0.68 % porosity, TiTa exhibits an elastic constant of 4.57
+ 0.09 GPa and yield strength of 151.93 + 4.04 MPa which provides a higher strength
to elastic constant ratio when compared to Ti6Al4V and cpTi. The same conclusions
are drawn for compressive and tensile properties. Cell culture study using osteoblast-
like SAOS-2 cells found that SLM TiTa has similar biological response to cpTi and

Ti6AI4V.

These favourable findings ascertained the feasibility of SLM TiTa as a biomaterial and
contributed to the scientific knowledge that SLM processed mixed powder can

produce desirable materials for actual applications.
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Chapter 1 Introduction

Chapter 1 — Introduction

This chapter provides the background, motivations, objectives and scope of the thesis.
The background discusses the capability of selective laser melting (SLM) in
manufacturing of metallic functional parts directly. As a powder bed fusion
technology, it also has the potential for forming alloys from mixed powders directly
which motivates this work. The main objective and scope of this work are to develop
and characterise novel titanium alloy for biomedical applications which is further
elaborated in this chapter. The thesis organisation is also presented as a brief overview

of the content of this thesis.

1.1 — Background

Additive manufacturing (AM), also known as 3D printing commonly, is a group of
processes that make objects by joining materials together, usually layer-by-layer,
based on data from three-dimensional (3D) models. This is in contrast to conventional
manufacturing methodologies that are subtractive [1]. A schematic of typical AM

process chain is shown in Figure 1.

Pre-Processing

Processing by AM

Raw material ﬁ

—P Material deposition

Post-Processing

Checking and preparing of CAD file

il

Layer wise processing

|—> Final product

Shot peening / Grinding / Polishing

Figure 1 AM process chain



Chapter 1 Introduction

These technologies have the potential to impact the designs and applications in
multiple fields such as automotive [2], aerospace [3], biomedical [4-8], electronics [9]
and even common goods such as jewellery and fashion [10]. In particular, AM
techniques have been used in multiple studies on tissue engineering [4, 11-15]. With
the advancement in AM techniques and more materials becoming available for them,
the functionality of AM has been extended to the field of orthopaedic implants and

scaffolds.

Orthopaedic implants as artificial bones, or scaffolds are mostly used for structural
reinforcement when inserted inside the body. They include both temporary implants,
such as screws and plates, and permanent implants that are used to replace body parts
such as hip and knee directly [16]. Permanent implants put more emphasis on
toughness, strength, and tribology as well as abrasion resistance between artificial

joints.

For patients with extensive bone loss or deformities, commercial implants often do not
provide an acceptable clinical solution presently. The current implants are usually
made of one material, which is essentially uniform in composition and structure in the
longitudinal direction [17, 18]. This leads to constant properties, such as strength and
biocompatibility, throughout the implant. However, a uniform structure with single
composition cannot satisfy all the requirements needed for implants [19]. For specific
bone tissues, such as long bones, bone porosity varies from the outer to the inner
section in order to achieve normal bone function. In this case, the bone’s mechanical
strength decreases gradually from the outer to inner regions. Hence, the bone can be
regarded as a functionally graded structure [12]. To solve this problem, current

implants may have a coating layer of different material or incorporate a porous outer
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layer that are manufactured separately and fitted to the implants. The conventional
methods of manufacturing implants therefore require multiple steps. Furthermore,
current implants are manufactured in sizes that are not customised to the patients. As a
result, longer duration is needed in order to do the implant fitting to the patient during
the surgery [20, 21]. Customised implants have the potential to reduce surgery,
rehabilitation and recovery times, improve implant fixation and reduce the likelihood

of revision surgery.

With AM technologies, such as SLM, that are capable of manufacturing functional
metallic parts directly, next generation orthopaedic implants can be manufactured in a
single step [22]. The implants can be designed with improved matching of mechanical
strength and optimised for osteo-integration. Furthermore, they can be customised for
specific patients. These can be achieved as SLM has more design freedom as
compared to conventional manufacturing techniques, thus allowing it to build complex
geometries without significant increase in building time. In addition, SLM requires no
tooling or moulds, hence enabling the fabrication of several patients’ implants in the
same batch. SLM is able to provide lesser design constraints to product developers and

significantly lower the customization cost [1].

According to ISO/ASTM 52900:2015 (Standard Terminology for Additive
Manufacturing — General Principles — Terminology), SLM is classified as a powder
bed fusion process where thermal energy from a laser selectively fuse regions of a
powder bed. Powder bed fusion processes use an energy source to melt and fuse
selective regions of powder according to sliced computer aided design (CAD) data.
When the selective melting of one layer is completed, the building platform is lowered

by a predetermined distance (usually 20 to 100 um) and a next layer of powder is
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deposited on the building platform. The process is then repeated with successive layers
of powder until the required part is completely built [1]. The exclusion of sacrificial
binders in the process enables near-full density parts to be built. This gives it a
significant advantage over binder-based processes in direct part manufacturing. An

overview of key steps within SLM is shown in Figure 2.

3D CAD model (sliced) m Powder depositions

N
r
-

Irradiation by laser

A

m Lowering of build platform Implant

Selective Laser Melting

Metal powder

Figure 2 Key steps in SLM

1.2 — Motivations

As discussed, the literatures reviewed show the limitations of conventional methods in
manufacturing metallic implants. This means that there remains a lot of work that can
be done to improve current implants that are in the market. The key areas that can lead
to improvement in implants are identified to be material development and design

improvement.

Human bones have wide range of elastic constants, for example, from 1.0 to 25.0 GPa
[23, 24]. However, the elastic constant for biocompatible metals is often much higher.

This modulus mismatch can result in an adverse effect called “stress shielding” [25].
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Stress shielding induces an undesirable stress distribution at the bone-implant interface,
resulting in slower bone healing [8, 25] as the bone remodels itself from the lack of
stress stimulant. Clinical investigations indicate that the mismatch will result in
insufficient load transfer from artificial implants to neighbouring bones, resulting in
bone resorption and potential loosening of the implant [26]. Thus, there is a need to
develop materials of reduced modulus to avoid mismatch in modulus between the
implant and adjacent bones. Material development can lead to materials with high
strength to modulus ratio. Using powder bed fusion technologies, it is now possible to
obtain alloys that were difficult to mix previously. In particular, the capability of SLM
to process powder mixtures has opened up exciting new material research
opportunities. Several works have been reported on several types of new powder

mixture processed by SLM [27-31].

Tantalum is an excellent choice for alloying with titanium for biomedical applications
due to its high biocompatibility, corrosion resistance and good mechanical properties.
Furthermore, titanium-tantalum (TiTa) alloys are promising materials for such
applications because of high strength to density ratio [32]. Alloying elements in
titanium can be classified into three groups: (1) o phase stabiliser, (2) B phase
stabiliser or (3) elements that have no observable effect on the phase [31]. Depending
on the specific application of the materials, the different phases of titanium provide a
wide array of properties. In particular, tantalum is a B stabilizing element for titanium
alloy. B titanium alloys display superior properties with lower modulus compared to
the commonly used alloys in the biomedical field, such as stainless steels and cobalt-

chromium alloys [28] and Ti6Al4V which is an (a + B) titanium alloy [33].
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Despite the advantages, TiTa alloys are still not widely adopted in applications. The
main reason is the difficulty in combining these two metals as they have great
difference in density and melting point [33]. In particular, tantalum has a density of
16.6 g/cm® which is about four times the density of commercially pure titanium (cpTi).
This could lead to inhomogeneity during the alloy formation as the large difference in
density can lead to segregation of elements in the alloys. SLM provides the

opportunity in creating a homogenous alloy from titanium and tantalum.

In addition to manufacturing parts with complex geometries, SLM has the ability to
fabricate metallic lightweight structures, such as cellular lattice structures. These
structures provide advantages such as high strength to weight ratio and high
performance which makes them suitable for high value industrial applications such as
medical implants [34]. Improved designs of the implants can be achieved through the
introduction of porosity by creating lattice structures. With lattice structures, it is also
possible to minimize the stress shielding via the reduction of elastic modulus of the
implants. Porous lattice structures also improve osteo-integration. By using SLM,
there is greater freedom in designing and inducing porosity on the implants and the
porosity of such structures can be controlled with better precision. The design freedom
and reproducibility are importance features for implants, especially if there is a need

for performance simulation and outcome prediction [35, 36].



Chapter 1 Introduction

1.3 — Objectives

The main objective of the research is to optimise the SLM process for manufacturing
of implants. Through this research, the understanding of SLM process will improve
the capability of manufacturing process of implants. In particular, the objectives of this

research are:

1. To develop a novel biocompatible titanium alloy that was previously difficult
to obtain by using SLM. The forming mechanism and microstructure
relationships to the thermal phenomena experienced during the SLM process

will be studied.

2. To obtain homogenous TiTa alloy from SLM. The mechanical properties and
biocompatibility of this alloy will be characterised and benchmarked against
more commonly used titanium alloy such as Ti6Al4V and cpTi. The
relationship between microstructure and mechanical properties of these

materials will also be studied in depth.

3. To understand the process of lattice fabrication using SLM. The limits and
feasibility of SLM in lattice structure fabrication will be ascertained.
Relationship between the process parameters and actual properties of lattice

structures will be derived.
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1.4 — Scope

The scope of this research is as follows:

1. X-ray diffraction (XRD), field emission scanning electron microscopy
(FESEM) and electron backscattered diffraction (EBSD) will be carried out to

investigate the properties of titanium alloys fabricated using SLM.

2. The metallic scaffolds will be characterised based on dimensions, porosity and
compression properties to understand the basic phenomena that occur in SLM
for metallic scaffolds fabrication. Statistical modelling will be done to

understand the relationships.

3. Standard tests obtained from ASTM and ISO will be carried out to

mechanically characterise the SLM fabricated samples.

The approach to achieve the objectives and scope of the research is summarised in

Figure 3.
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Manufacturing of implants using SL.M

Materials development

Formation of homogenous alloy
with superior mechanical and
biological properties from
titanium and tantalum

Investigation of formation of TiTa
alloy using SLM

Investigation of microstructure of
TiTa based on thermal phenomena
in SLM

Characterisation of TiTa
mechanical properties and
biocompatibility

Study of TiTa microstructure and
mechanical properties relationship

Benchmarking of TiTa with
commercially pure titanium and
Ti6Al4V

Designs development

Understanding SLM process for
lattice fabrication

Statistical modelling of SLM
process

Analysing sensitivity of SLM
process parameters

Figure 3 Research overview
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1.5 — Organisation of Report

This thesis consists of eight chapters.

This thesis begins with the introduction, describing the background of the research and
stating the objectives and scope in Chapter 1. It is then followed by literature review to
present related theory, methods and findings of past research in Chapter 2. The

materials and methods used in the research are described in Chapter 3.

Chapter 4 gives details of the novel TiTa alloy formation using SLM. Powder
preparation method, powder characterisation and criteria for SLM optimisation in

material development are highlighted.

The microstructures and mechanical properties of the TiTa alloy are characterised in
Chapter 5. The science behind the alloy formation is also explained using thermal
phenomena experienced during SLM. The effect of SLM processing parameters on the
fabrication of lattice structures is statistically modelled in Chapter 6. The relationships
between the processing parameters to lattice structures dimensions, porosity and

compression behaviour are then explored.

Building from the understanding derived in Chapter 6, Chapter 7 details the studies on
the mechanical and in vitro test on the SLM fabricated scaffolds. The compression
behaviour and biocompatibility of TiTa scaffolds are benchmarked against cpTi and

Ti6Al4V scaffolds.

In Chapter 8, conclusions and possible future work on this research are presented.

Finally, a list of publications during the candidature is provided.
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Chapter 2 — Literature Review

This chapter introduces biological implants and the conventional methods in
manufacturing of biological implants. The state-of-the-art technology of selective laser
melting (SLM) is then presented. It provides a comprehensive review on the process,
materials, properties and designs with focus on biomedical applications. Challenges

and potential of SLM in the biomedical field are also highlighted.

2.1 — Orthopaedic Implants

In general, there are “orthopaedic implants” as artificial bones for medical use and
“dental implants” as artificial teeth for dental use [17, 37]. The implants specific
properties are slightly different depending on their use. Orthopaedic implants and
scaffolds are mostly used as artificial bone to provide structural reinforcement when
inserted into the body. They can include both permanent and temporary implants [16].
While temporary implants such as screws and plates are removed from the body,
permanent implants, such as hip and knee, need to have a longer durability in the body.
Therefore, permanent implants focus more on strength, toughness, abrasion resistance
in artificial joints as well as tribology. SLM has been utilized to fabricate orthopaedic
implants such as replacements for zygomatic bone (forming the prominent part of the
cheek and the outer side of the eye socket) [38] and finger [39]. Dental implants are
usually much smaller in size and used to reconstruct the masticatory function, when
the tooth root is completely lost or extracted. The major classifications of dental
implants are endosseous implants, which are placed into the bone, and the
subperiosteal implants which are placed on top of the bone. The major reasons for
corrosion in metallic dental implants are temperature, quantity and quality of saliva
which has pH of between 5.2 and 7.8, the physical and chemical properties of food and
liquids and oral health conditions [16]. Depending on the requirement of the implants,

11



Chapter 2 Literature Review

some of them may require post-processing, such as mechanical polishing, grinding or

sandblasting.

The dental implant is used in a manner that results in the implant penetrating the jaw
bone and leaving part of it exposed outside of the bone. Hence, the function is
different at the inside and outside of the bone, and at their boundary. For example,
bone affinity is important inside the jaw bone and at the outside, in the oral cavity,
sufficient strength is needed [17]. Natural bone is a composite in which nano-sized
bone minerals are deposited on organic collagen fibres, which are woven into complex
three-dimensional (3D) structures [40-42]. Current metallic implants are essentially
neutral in vivo, remaining as permanent fixtures. However, there are some cases where
the implants must be removed by a second surgical procedure after the tissue has

healed sufficiently [43].

Typically implants are fixed to the bone in several ways, including the use of bone
cement, mechanical fixation devices such as screws, interference fits and activated
surfaces that result in bone apposition (both in-growth or on-growth) [44]. Bone in-
growth refers to the bone formation within an irregular (beads, wire mesh, casting
voids, cut grooves) surface of an implant while on-growth refers to the bone to implant
contact. All these have been successful in applications and are still being used,
however, bone in-growth has gained popularity recently by the use of porous
biomaterials [44]. An added advantage of porous biomaterials is they are inherently
less stiff than non-porous counterparts, and therefore, the mismatch of implant-bone

stiffness is less pronounced, thereby reducing the possibility of stress shielding.

Implants are conventionally produced by machining metal rods, casting or forging.

These are usually followed by modification of the surface by applying different
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surface treatments, coatings or another porous part to improve stability and enhance
osteo-integration [25]. These porous layers are usually manufactured by conventional
techniques, such as furnace sintering, plasma spraying, wax casting and vapour
deposition [45-47]. Due to the constraints of the manufacturing process, they often
have random porosity that cannot be controlled. Some examples of porous surface on

implants in the market currently are shown in Figure 4.

Figure 4 Porous surfaces of implants (a) acetabular cup (b) tibial tray with zoomed in images of

uncontrolled porosity
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Multiple steps are therefore needed for conventional manufacturing of a complete

implant, as shown in the manufacturing process in Figure 5.

Figure 5 Conventional multiple steps manufacturing process of implants (adapted from Zimmer Biomet

Holdings, Inc)

For the porous component of implants, metal foams are already in used for structures
employed for biomedical applications, however, the resulting stochastic geometry
brings about unpredictable localized mechanical properties [48]. A variety of methods
to manufacture porous systems have been developed, such as sintered beads, fibre
mesh and thermal spray processes. However, they have disadvantages such as
compromised microstructure, incapability to achieve interconnected pores at optimal
porosity level and lack of porosity controllability [49]. A recently developed process,
chemical vapour deposition (CVD) addresses this issue. However, it is a multi-stage

process that is complex and incapable of producing parts directly with minimal
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downstream operations [49, 50]. Freeze casting technique enables a porous material
with a compressive strength close to that of bone to be obtained, but its disadvantage is
that the pore size cannot exceed 300 pum. Larger pore sizes can be obtained with the
space holder technique but the mechanical properties obtained are lower than those of
human bone. Non-homogenous porous metal samples are also fabricated using the
space holder method [51]. Hence, the control of the elastic properties anisotropy is

difficult for these techniques [7, 52].

2.2 — Selective Laser Melting

SLM uses a fibre laser as the energy source [53]. The whole process is carried out in
an inert gas filled or vacuum chamber which ensures higher purity by minimizing the
oxygen in the environment and reducing the risk of hydrogen pick up. The schematic

of the SLM system is shown in Figure 6.

Fibrelaser

Galvanometer

=t F-theta lens

Protective lens S ——

Powder recoater

Powder
overflow

Figure 6 Schematic of SLM system

The SLM system comprises of a fibre laser. Depending on the laser module installed

in the system, the laser can operate up to 1 kW [1]. The beam focus is controlled by
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the galvanometer and the movement of the beam on the build platform is controlled by
F-theta lens. For building a part, a powder layer between 20 and 100 pum thickness is
spread over the build platform. The powder is carried and spread by the powder
recoater across the build platform. The build platform can be preheated up to 200 °C.
The selective melting of the powder layer based on the geometry defined by the sliced
CAD file is done by the laser. In SLM, every layer of a part is built in two steps.
Typically, the outer boundary of the part is built first which is referred as contouring
and this can be optional. The powder within the contour is melted subsequently to
complete one layer. This process continues until the desired 3D part is fully completed

[54].

Orthopaedic implants and scaffolds are traditionally manufactured by machining,
casting and forging. While these methods are the industry standard that have been
certified and proven to safely manufacture the implants and scaffolds, AM has slowly

been influencing the manufacturing dynamic of customised implants and scaffolds.

AM techniques, including SLM, have numerous advantages and are actively
considered for manufacturing of orthopaedic implants and scaffolds. These advantages

include:

e Fabrication of complex products with novel shapes and hollow structures
that are not otherwise feasible

e Forming functionally graded materials or structures

e Efficient approach that reduces production costs and speed up time-to-
market for high-value components

o Excellent material properties with almost no porosity

16



Chapter 2 Literature Review

e Possible to combine different materials, significantly reduced material
waste

e Elimination of expensive tooling and moulds

Leveraging on these advantages, numerous studies have been carried out to prove the

feasibility of SLM in producing implants as shown in Figure 7.

(d)

Figure 7 Hip and knee implants fabricated by SLM in-house (a) tibial tray (b) femoral component (c)

acetabular cup (d) hip stem

The primary objective in SLM is to obtain defect free parts with near full density. A
large number of factors affect the quality of the fabricated parts and they are tabulated
in Table 1. With so many factors in consideration, appropriate control of the related

factors is needed in order to fabricate products with high quality.
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Table 1 Factors involved in SLM (Adapted from [55])

Chapter 2 Literature Review

Materials parameters

Laser parameters

Scan parameters

Environment parameters

Powder composition

Relative density (when deposited)

Particle size distribution

Shape

Thermal properties

Flow properties

Laser scan mode

(continuous/pulsed)

Laser wavelength

Laser power

Frequency

Laser pulse width

Offset

Laser spot size

Scanning speed

Scan distance

Hatch spacing

Layer thickness

Scan pattern

Scan sectors

Scaling factors

Preheating temperature

Chamber pressure

Gas environment

Gas flow rate

Part placement

Part orientation
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Several laser parameters (such as laser wavelength, laser working mode and spot size)
cannot be varied and are determined by the SLM machine. In addition, several
material parameters, such as thermal properties (for example, thermal conductivity),

are fixed for a given powder. These define the boundary conditions of SLM process.

The key processing parameters involved in SLM are laser power, scanning speed,
hatch spacing and layer thickness [46, 54]. These factors determine the energy
supplied by the laser beam to a volumetric unit of powder material, defined as energy
density Eg.

P (1)

E,=—
¢TSS H.L

where P is the laser power, S is the scanning speed, H is the hatch spacing and L is the
layer thickness. The energy density influences the quality of parts fabricated by SLM
by affecting the physical densification. Hence, the energy density determines the
properties of the SLM produced parts. During SLM, the laser beam moves across the
powder bed at a constant rate, defined by the scanning speed. The scanning speed
controls the time needed for fabrication. Hence, higher scanning speed is desired if
short production time is needed. However, the maximum scanning speed that can be
used is limited by the maximum power of the laser in the SLM machine as high
scanning speed with low laser power will results in incomplete melting of the material.
Layer thickness determines the amount of energy required to completely melt and
consolidate a powder layer. Layer thickness is very important as good connectivity
between layers can only be possible when previously processed layers are partially
remelted too. The production time is reduced if larger layer thickness is applied.

However, higher energy input is also required to melt thicker layers completely.
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Larger layer thickness may cause the increase in surface roughness and reduction in
dimensional accuracy. It has been reported that hatch spacing influences the overlap
and bonding of adjacent melt tracks, therefore, affecting the porosities and surface

roughness of SLM fabricated parts [54, 56].

The scan strategy, also known as scan pattern, can be designed in many ways. The
scan strategy typically consists of straight and parallel scan tracks. The direction of
these scan strategies or the single scan tracks can be changed within a single layer or
between consecutive layers. The design of these scan strategies influences the quality

of SLM parts. Some examples of scan strategy are shown in Figure 8.

LA A4 A

VVVVY

1

(b) ()

Figure 8 SLM scan strategy (a) stripes (b) chessboard (c) meanders

During SLM, thermal energy causes the melting and consolidation of the powder in
which the temperature can rise even above the evaporation point. Hence, the material
properties are important in melt pool formation. The powder morphology, such as
particle size and shape, plays a key role in determining the quality of the products.
Powder morphology determines the extent of how the powder particles are packed
together during the layer deposition. Therefore, it can affect the layer thickness and

relative density of the deposited layer which in turn, has effect on the quality of the

20



Chapter 2 Literature Review

produced parts. Ideally, the powder particles should be spherical for good flowability

[2].

2.3 — Materials for Selective Laser Melting of Metallic Implants and
Scaffolds

The widely known biocompatible materials established for SLM are 316L stainless
steel, cobalt chromium alloys and Ti6Al4V. Recent researches focus on expanding the
material library for SLM [57-61], process simulations [62, 63], as well as
characterizing and improving the mechanical properties of established materials [9, 64,

65]. In this section, the key findings of research for these materials will be highlighted.

2.3.1 — 316L Stainless Steel

316L stainless steel is low cost, biocompatible and easily available, making it a
suitable material choice in the medical industry for metallic implants. Coupled with
SLM, 316L stainless steel is well suited for orthopaedic applications as implants or

prostheses that can be individualized with minimal customization costs.

Yang et al. studied the optimization of building accuracy and density of orthodontic
products using 316L stainless steel. They were able to achieve the required mechanical
properties and surface quality using a self-developed SLM machine [66]. Li et al.
investigated the feasibility of making SLM 316L stainless steel parts with graded
porosity where the dense portion is designed for strength and the porous part is
designed to enhance tissue growth in biocompatible implants [67]. Bibb et al. and
Kruth et al. produced SLM frameworks for denture using the same material in
different studies [68, 69]. Bibb et al. also presented four case studies on surgical
guides in different maxillofacial (jaw and face) surgeries [70]. Wehmoller et al.
reported body implants of cortical bone, mandibular canal segment (near the lower jaw)

and support structures or tubular bone made from SLM 316L stainless steel [71].
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Mechanical Properties

Relative Density

The relative density of a part is often used as a quality indicator for the SLM produced
part. Relative density is the ratio of the density of the SLM fabricated part to the

theoretical density of the bulk material.

Tolosa et al. was able to achieve a relative density of 99.90 % [72] and Yasa et al.
achieved 99.95 % relative density with laser remelting [73] for 316L stainless steel.
While remelting process is able to achieve near dense relative density, laser remelting
increases the power consumption and fabrication process time as each layer is scanned

twice.

Strength and Hardness

316L stainless steel is often used in many applications due to its strength. SLM
produced steel components are stronger and less malleable as compared to the same
material produced by forging [74]. Refined microstructure, as a result of rapid cooling

in SLM, improves the tensile strength but reduces the ductility.
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The mechanical properties of 316L stainless steel parts produced by SLM and forging

are shown in Table 2.

Table 2 Tensile properties and micro-hardness of 316L stainless steel by SLM and forging

Properties SLM Forging

Ultimate tensile strength 480 to 760 MPa [2, 46, 75] 450 to 818 MPa [76, 77]

Yield strength 350 to 640 MPa [75, 78] 150 to 230 MPa [76, 79]
Elongation 10 to 30 % [46, 78] 5010 62 % [76, 77]
Micro-hardness 220t0 279 HV [2, 46] 133 to 140 HV [76]

A fine cellular dendritic structure is characteristic of SLM produced 316L stainless
steel parts which are due to the rapid solidification during the SLM process. This
results in the higher strength obtained as compared to forged 316L stainless steel parts

which experience slower cooling rates.

Surface Roughness

Post-processing such as sand blasting, shot peening or manual grinding is often needed
to achieve a smooth and shiny surface for SLM parts. However, Delgado et al. were
able to achieve surface roughness of 5.82 um for 316L stainless steel without any
post-processing [80]. Kruth’s group was able to achieve surface roughness as low as 2

pum for 316L stainless steel without post-processing by using laser remelting [73].
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2.3.2 — Cobalt Chromium

Cobalt chromium alloys produced by SLM have been studied by various groups for
implant applications. Oyague et al. and Kim et al. evaluated the fit of dental prostheses
produced by SLM separately. Different conclusions about the suitability of SLM
technology in producing dental prostheses have been reached [81, 82]. However,
Avyyildiz et al. concluded that the hardness, elastic modulus and strength of cobalt

chromium alloys produced by laser AM is suitable for dental applications [83].

Mechanical Properties

Relative Density

Cobalt chromium alloys achieved a highest relative density of 99.94% by SLM [84].

Strength and Hardness

Table 3 shows the reported ultimate tensile strength for cobalt chromium, along with

their respective yield strength and elongation for SLM and casting produced parts.

Table 3 Tensile strengths and micro-hardness of SLM and casted CoCr

Properties SLM Casting

Ultimate tensile strength 951 to 1308 MPa [85-87] 591 to 759 MPa [85, 86]

Yield strength 562 to 884 MPa [85-87] 296 to 568 MPa [85, 86]
Elongation 10.2 to 16.4 % [85-87] 8.0t0 10.7 % [85, 86]
Micro-hardness 458.3t0 482.0 HV [83, 88] 324.0to 384.8 HV [88, 89]
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2.3.3 — Titanium-6Aluminium-4Vanadium

Due to their biocompatibility, most research on Ti6Al4V is driven by its potential
applications as body prostheses and implants. Ti6AI4V is of high interest because of
its applications in biomedical industry [90, 91]. Ti6Al4V has been widely used for
various orthopaedic implants due to its good biocompatibility, superior corrosion
resistance and high mechanical strength [92, 93]. Moreover, Ti6Al4V has high
specific strength and elastic moduli closer to bone than cobalt chromium alloys and
stainless steel [94]. Performance requirements for implants made in Ti6AI4V are
specified by ASTM standards, 1SO standards and US FDA. Ti6Al4V components can
be produced with various microstructures depending on the method used to process the
alloy. For example, casting, wrought ingots and powder metallurgy give three different
microstructures for Ti6Al4V. This is because for pure titanium, the microstructure is
completely a. When pure titanium is alloyed with o and B stabilizers, B phase forms
along the grain boundary. The percentage of a and B phases varies depending upon the
processing conditions such as the temperature, cooling rates and degree of mechanical

working.

Research into Ti6Al4V orthopaedic implants using SLM have been done by several
groups. Lin et al. studied the mechanical properties of a Ti6Al4V cellular inter-body
fusion cage produced by SLM [50], Murr et al. investigated the microstructure and
mechanical properties of SLM Ti6AIl4V for biomedical applications [95]. Warnke et al.
conducted cell experiments using SLM Ti6Al4V porous scaffolds. The scaffolds allow
total overgrowth of osteoblasts (bone cells) [96]. Vandenbroucke & Kruth examined
the dimensional accuracy of the SLM process for fabrication of dental frameworks
using Ti6AI4V [46]. In recent years, various research groups have also carried out

numerous studies on SLM of Ti6AIl4V for body implants [7, 36, 91, 92, 97-107]. In
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one of the latest studies, Biemond et al. examined the bone in-growth potential of
trabecular-like implant surfaces produced by SLM of Ti6Al4V in goats. It is
concluded that the SLM produced parts showed good bone in-growth characteristics

after 15 weeks [108].

Mechanical Properties

Relative Density

SLM of Ti6Al4V has achieved positive results in relative density attained by various
researchers. The highest relative density reported for SLM Ti6Al4V is 99.80 %

without any post-processing [46].

Strength and Hardness

Table 4 shows the reported ultimate tensile strength for Ti6Al4V, along with their

respective yield strength and elongation for SLM and casting produced parts.

Table 4 Tensile strengths and micro-hardness of SLM and casted Ti6Al4V

Properties SLM Casting
Ultimate tensile strength 1250 to 1267 MPa [46, 934 to 1173 MPa [110,
109] 111]
Yield strength 1110 to 1125 MPa [46, 862 to 999 MPa [110,
109] 111]
Elongation 6 to 7 % [46, 109] 6to 7 % [110, 111]
Micro-hardness 479 to 613 HV [54, 97] 294 to0 360 HV [112, 113]
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2.3.4 — New Materials

Magnesium and its alloys have great potential for orthopaedic applications as they
have been shown to have mechanical properties aligned to bone and induce no
inflammatory response while being fully bio-resorbable. In addition, they are also
osteo-conductive, encourage bone growth and have a role in cell attachment [43, 114].
Ng et al. examined the SLM of magnesium for applications in light-weight
biodegradable and bio-resorbable magnesium parts for orthopaedic implants [115,
116]. The immediate challenge in processing magnesium using SLM is the severe
oxidation and flammability of magnesium. A shielding box with gas inlets and outlets
was designed to circulate inert argon gas inside the box within the build chamber. The

argon gas minimised the risk of flame and oxidation during the process.

There are recent studies that aim to replace Ti6Al4V with other titanium based alloys
due to the toxicity of elements in Ti6Al4V [117, 118]. Chlebus et al. studied the
possibility of using Ti6AI7Nb for medical implants as it replaces vanadium with
niobium in its chemical composition. This alloy is found to have higher corrosion
resistance and bio-tolerance compared to Ti6Al4V [119]. Further studies on Ti6AI7Nb
titanium alloy were also done by Marcu et al. as endosseous implant [120]. Szymczyk
et al. also examined cultured cell growth of staphylocuccus aureus on Ti6AI7Nb
scaffolds which demonstrated the potential of this titanium alloy in biomedical
applications [121]. SLM of Ti24Nb4Zr8Sn has been examined by Zhang et al. as an
improvement over Ti6AI4V as it is an alloy with lower modulus of 53 + 1 GPa. This
results in a closer match of moduli between implant and surrounding bone. Due to the
lower modulus, Ti24Nb4Zr8Sn has higher possibility of preventing bone resorption

from stress shielding, which causes implant loosening [122].
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Tantalum is a biomaterial with superior mechanical properties suitable for biomedical
applications. With designed porosity, it can achieve an elastic modulus similar to that
of bone, which minimises stress shielding [114]. Thijs et al. experimented using pure
tantalum for fabrication using SLM and achieved a relative density of 99.6 %. The
yield strength of SLM tantalum is also reported to be higher than those obtained via

conventional methods [123].

The capability of SLM to process powder mixtures has opened up new and exciting
material research opportunities. Several works have been reported on the production of
several types of new powder mixture processed by SLM [27-31]. Vrancken et al.
managed to create a novel metallic composite comprising of B titanium matrix and
unmelted molybdenum particles using SLM [31]. In their work, a mixture of Ti6AI4V
pre-alloyed powder and molybdenum powder were used. The resulting material has a
Young’s modulus of 73 + 1 GPa, yield strength of 858 + 16 MPa, ultimate tensile

strength of 919 + 10 MPa and elongation of 20.1 + 2.0 %.
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2.4 — Design Consideration for Metallic Implants and Scaffolds Using
Selective Laser Melting

Metallic scaffolds offer advantages for two reasons. Firstly, the scaffolds allow
immediate partial weight bearing with support of osteo-synthesis and long term
stability accompanied by its biocompatibility and bone in-growth ability into the open
pores. Secondly, the risk of late fractures due to scaffold instability is almost
negligible as long as the bone-scaffold interface is well incorporated with new bone
formation [124]. However, metallic scaffolds are mostly not biodegradable and
therefore, cannot be replaced by newly formed bone. The open porous structures have
to possess sufficient porosity for bone in-growth and nutrient supply while maintaining
its load bearing capacity. Furthermore, there are still other considerations involved in
manufacturing of these scaffolds such as the manufacturability of the designs and

dimensional accuracy.

SLM can theoretically fabricate any shape of metal parts, the manufacturing quality
can differ as the design and processing parameters change [125]. However, SLM
offers the possibility to fully control both the geometrical and mechanical properties of
scaffolds, which is important as both morphological and mechanical properties have
an influence on in vivo and in vitro performance [126]. There is a need to balance
between the manufacturability, mechanical properties and biological responses of

these scaffolds produced by SLM.

29



Chapter 2 Literature Review

2.4.1 — Manufacturability of Metallic Scaffolds Using Selective Laser Melting

The manufacturability of metallic scaffolds using SLM depends on the design
characteristics of the scaffolds, such as strut dimensions and unit cell shape. There is
also a need to consider appropriate unit cell size, as overhanging struts in the cells can
lead to deformation. Even though sacrificial support structures can be added to support
the overhanging structures, thus preventing deformation, they are difficult to be
removed from inside the complex cellular lattice structures [34]. This adds
considerable  constraints on  manufacturing  versatility.  Furthermore, the
manufacturability is also dependent on the SLM parameters such as laser spot size,
laser power, laser scanning speed, hatch spacing and layer thickness [125]. The

powder particle size used has effect on the manufacturability of the structures as well.

Zhang et al. studied the effect of hatch spacing on pore characteristics of Ti6AI4V
structures fabricated using SLM. Pores are formed by varying the hatch spacing of the
laser scans, instead of specific designs using CAD. The spot size of the laser used is
200 pum, hence, it is found that a hatch spacing of distance greater than the spot size is
necessary for pores formation. Partially melted powder particles are also observed to
adhere on the strut surfaces. It is advised that the pore diameters should be at least
three times greater than the biggest powder particles for forming interconnected pores
due to the accumulation of the powder [127]. In the same study, it is also concluded
that the powder particle size has a significant influence on porosity formation and laser
spot size directly determines the strut width. Qiu et al. investigated the influence of
scanning speed and laser power on strut size, morphology and surface structures. It is
found that higher laser powers lead to formation of thicker struts with larger deviation
from the designed strut diameters. Higher laser power also leads to increased powder

adhesion on the struts. However, the scanning speed only affect the strut diameter at
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lower end of the scanning speeds [128]. All these results coincide with study by
Tsopanos et al. which state that the strut diameter is dependent on the energy applied

on the powder, which is related to the laser power [129].

The designed and SLM produced lattice structures usually have disparity due to the
following reasons: (1) an inadequately chosen beam offset that does not compensate
for the laser spot size used, and hence, the melt pool formed during SLM differs from
the desired cross section, (2) staircase effect, due to layer-by-layer fabrication, causes
difference in designed and produced struts and (3) loose powder particles are likely to

stick to the surface of parts, which leads to waviness and dimensional inaccuracy [130].
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The causes of errors in dimensions are shown in Figure 9.
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Figure 9 Causes of errors between designed and fabricated lattice structures (a) beam offset (b)

staircase effect (c) powder adhesion
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Wang et al. concluded that powder adhesion is an inevitable problem in SLM process,
especially in overhanging structures, which affect the manufacturability of metallic
scaffolds by SLM, however, they can be controlled by optimizing design and process
control [125]. Yan et al. also attributed powder adhesion due to balling phenomenon
which give rise to beads being formed mainly on laser melted surfaces perpendicular
to the building direction [34]. However, Abele et al. concluded that building
orientation has no significant effect on the manufacturability of lattice structures by
SLM [131], which implies that these powder adhesions have no significant effect on
the short term mechanical properties. However, the powder adhesion can act as stress
concentrators which facilitate fatigue crack initiations, affecting fatigue strength of the
porous structures [132, 133]. Furthermore, since they are loosely bonded to the struts,
they can be easily released into the biological system, causing inflammation [91]. A
study of cobalt chrome molybdenum based super alloy, by Hazlehurst et al. also
concluded that structural variation and heterogeneities can have detrimental effect on
the stiffness of lattice structures manufactured using SLM [134]. Jet blasting or post-
SLM sintering of the structures can lead to localized removal of these powder
adhesion, with no effect on the macro-properties of the overall pore or strut network

[135].

In order to fabricate lattice structures with precise dimensions, it is important to select
appropriate processing conditions or to account for the oversizing of the struts

compared to designed diameters.
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2.4.2 — Biological Compatibility of Metallic Scaffolds Fabricated Using Selective
Laser Melting

Bone has a composite structure, containing about 45 to 60 % minerals, 20 to 30 %
matrix and 10 to 20 % water [114]. The human skeleton consists of cortical and
trabecular bones. These two types of bone differ in terms of proportions of organic and
inorganic materials, degree of porosity and organization [114]. Due to these
differences, metallic implants and scaffolds require precise designs in order to mimic

the bone properties closely [12].

Porosity is defined as the percentage of void space in a solid. It is a morphological
property independent of the material [51]. A porous implant material with adequate
pore structure and appropriate mechanical properties has long been sought as the ideal
bone substitute as interconnected pores allow tissue in-growth and thus anchor the
implant to the surrounding bone. The anchoring prevents loosening of the implant
from the surround tissues [136]. Each porous material can have a combination of one
to three types of pores. The types of pores include closed, through or blind pores. The
closed pores are not accessible to fluids as they do not have opening at the surfaces of
the materials. The blind pores opens at surfaces of the material and terminate inside
the material. The through pores are those that make possible the complete passageway
of fluids from one surface to another of the material. The open porosity is made up of
only through and blind pores [51]. Porosity that includes closed pores has a great
impedance on mechanical properties of a material. Open porosity has its direct impact
in the possibility of penetration desired and undesired fluids, cells and bacteria. Recent
publications have shown that micro-porosity is an essential element in osteo-induction
of biomaterials. However, there is a limit to which osteo-inductive potential can be

increased by increasing the micro-porosity as micro-porosity affects the mechanical
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stability of the material surface. A mechanically stable surface of the material is
needed in order to facilitate new bone formation [50, 51, 137, 138]. The pores of the
structure also have to be interconnected in order to ensure bone in-growth [7, 138].
Porous structures are typically used as a coating over an underlying solid to provide
surface for bone in-growth or as a structure to modify the modulus of the device

allowing matching of the implant modulus to that of neighbouring bones [49].

The porosity of the implants and the pore architecture are critical in encouraging cell
migration [4]. In addition to having suitable open pore size and porosity for cell
attachment and proliferation, the implant must have sufficient mechanical strength to
support physiological loadings in vivo [12, 139]. Another important consideration is
the pores continuity as pores must be interconnected for cell migration [14]. It is
important to note that although SLM can theoretically fabricate any porous structures,
only structures with open pores can permit the removal of unmelted powder. A sample
of metallic scaffold fabricated by SLM, with magnified struts under optical

microscopy (OM), is shown in Figure 10.

Figure 10 Sample of metallic scaffold fabricated using SLM

The biological performance of porous structures such as cell attachment, growth and
differentiation are dependent on the pore shape, pore size and porosity [35]. In order to
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study such biological responses, many studies have been conducted using metallic
scaffolds. Pore size and geometry play important roles in biological response both in
bones and soft tissues. SLM allows production of predetermined pore sizes similar to
that observed in bones. In addition, these porous structures can exert appropriate

osteo-conductive properties and promote bone formation [105].

It is concluded that open porosity is essential for osteo-induction, osteo-conduction
and osteo-integration. Fukuda et al. evaluated the effects of the interconnected pore
size on osteo-inductivity. For the range of 500 to 1200 um, the best osteo-induction
occurs for 500 um pore size [102]. Porosity level of between 60 and 80 % is preferred
as at porosity above this level, the material is unlikely to possess sufficient mechanical
properties for the intended application [44]. Barbas et al. stated that the size of the
pores should range from 500 to 1500 um and should not be less than 100 pum, as it
would be impossible for bone colonization [7]. Mullen et al. further added that the
optimal pore size for in-growth bone lies between 100 and 700 um [44]. Pore size of
less than 100 um failed to support the capillary growth and did not allow the bone
cells to bridge pores. However, pore size larger than 700 um was able to promote bone
in-growth but at reduced rate and volume [140]. Warnke et al. found that cells can
occlude pores over two months if the pore size is 400 to 700 um, but zero occlusion if
the pore size is beyond 900 um [96]. Pore overgrowth by osteoblasts can be desirable
for bone formation within the pores and osteo-integration of the scaffold. Fukuda et al.
obtained a similar result that osteo-induction is significant if the pore size is 500 to 600
pm [102]. In addition to pore size, pore shape may also affect cell proliferation and
differentiation [141]. Recently, Wielding et al. studied the biological response of SLM
produced scaffolds in sheep. The study showed an increase in bone mineral density

between 12 and 24 weeks from 50 to 80 % and concluded the capability of open
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porous titanium scaffolds for sufficient stabilization of large segmental bone defects

[124].

The implication from these studies shows that SLM should fabricate porous structures
that match at least three requirements: (1) the modulus of the target bone, (2) open

pore size of approximately 500 um and (3) compatible unit cell (pore) shape.

In addition to the designed pore characteristics, osteoblastic cell adhesion, growth and
differentiation are related to surface energy and roughness [142]. Osteo-integration
process is affected by surface conditions in terms of chemical and physical properties.
Two conventional methods used to improve osteo-integration process are by applying
coatings on the surface of the implants and by chemical treatment of the implant
surface. A study by Fukuda et al. shows that chemically and heat treated implants
exhibited better osteo-inductivity and induced ectopic bone growth [102]. Plasma
spraying of hydroxyapatite is the most commonly used coating technique. Chemical
treatments are carried out in order to obtain hydroxide (OH-) groups. By leveraging on
SLM capabilities, surfaces with different roughness can be generated on the implants
during the fabrication itself such that post-processing can be avoided. By changing the
process parameter settings, the surface roughness can be varied. The as-fabricated
SLM part can have a rough surface with a Ra value of several microns, which is

deemed to be more associated with bone-implant contact area and interface strength.

Pattanayak et al. reported that bone affinity of chemical and heat treated porous bodies
with smoother surface were significantly higher than that of untreated scaffolds [92].
Rotaru et al. observed powder debris and little bone contact during a three month
implantation [143]. In a study, porous titanium structures were fabricated using SLM

and the surfaces were left untreated, sandblasted, or sandblasted/acid etched. It was
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observed that bone bridging was significantly increased in sand blasted acid etched
scaffolds in the rabbit model. This indicates the needs for specially designed surface
characteristic to improve osteo-conduction of the implants [144]. Surface treatment
can decrease the ability of materials to form biofilm on the implants, which is very
important to the production of medical implants [121]. Key findings on biological

response of metallic scaffolds fabricated by SLM are tabulated in Table 5.
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Table 5 Biological responses of metallic scaffolds fabricated by SLM

Material  Pore Size (um) Key findings Reference

Ti6Al4V 240 to 730 Scaffolds provided enough mechanical support and encouraged bone formation with porosity of [105]
68 to 88 %

Ti6Al4V 450t0 1200  Porous structures allow total overgrowth of all pores of 500 pm and a significant proportion in [96]
the range of 500 to 600 um by osteoblasts

Ti6Al4V 500 and 1000  Soaked in hydrofluoric acid for 10 min, rinsed with demineralized water and ethanol. Smaller [141]
pore size results in higher cell attachments due to lower permeability

Ti6Al4V 280 to 420 Surface coated with octacalcium phosphate or hydroxyapatite, both doped with Mg. Both as-build [145]

and surface modified implants are biocompatible and integrate with the bone with good bone-

implant bonding. Bone volume was highest for implants coated with hydroxyapatite
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2.4.3 — Mechanical Properties of Metallic Scaffolds Fabricated Using Selective
Laser Melting

Likewise to the biological responses, the mechanical properties of cellular lattice
structures are dependent on their morphological features such as the unit cell, pore size
and porosity [35]. The mechanical properties such as surface quality is also dependent
on the processing parameters and particle size distribution [75]. Cube or cylindrical
samples are usually fabricated for mechanical testing based on ASTM E9 (Standard
Test Methods of Compression Testing of Metallic Materials at Room Temperature) or
ISO 13314:2011 (Mechanical testing of metals — Ductility testing — Compression
test for porous and cellular metals) [146]. Samples of test coupons of lattice structures

fabricated using SLM are shown in Figure 11.

Cube

Cylinder

Figure 11 Samples of compression test coupons fabricated by SLM

Ahmadi et al. studied the analytical solutions and closed-form relations for predicting
elastic modulus, Poison’s ratio, critical buckling load and yield stress of cellular lattice
structures [35]. It is concluded that finite element (FE) model made up of 14 repeating
unit cells can be used to accurately predict the mechanical behaviours of cellular

lattice structures of infinite repeating unit cells. Smith et al. also used FE model to
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predict the compressive response of lattice structures and found the results agreeable
with the actual SLM produced structures despite using a different unit cell [147].
However, a study done by Biltmann et al. concluded that there is no scalability of
mechanical properties on the struts produced by SLM [148]. Even though FE models
are more accurate than mathematical model in predicting the mechanical properties,
using FE models is more difficult as there is a need to create a new FE model for every
new porous structures [36]. For small apparent density values, it is concluded that
mathematical models are in good agreement with experimental results, however, for
large apparent density values, the results from the mathematical model deviate
significantly from actual experiments [35]. Ushijima et al. concluded that
mathematical models are close to FE models and experimental results when the ratio
of diameter to length is relatively small for the structures, however, FE models can be
used for a wide range of diameter to length ratios [149]. To summarize, existing FE
modelling technique can be used to accurately predict the mechanical properties of
SLM produced structures, provided that the whole structure is simulated by the FE

model.

Brenne et al. studied the compressive deformation behaviour of Ti6AI4V cellular
lattice structures fabricated using SLM. It is found that heat treated samples, at 1050
°C for 2 hours, under vacuum with subsequent furnace cooling, has significantly
higher fatigue life under cyclic bending load [150]. Tsopanos et al. studied the
compressive behaviour of stainless steel micro-lattice structures and concluded that
low laser power results in low yield, ultimate tensile strength and elongation, which is
attributed to significant number of unmelted powder [129]. Wauthle et al. studied the
effects of build orientation on the mechanical properties of Ti6Al4V lattice structures

with diamond unit cells, and concluded that the build orientation has significant
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influence on the mechanical properties. Structures built diagonally are inferior to both
the horizontal and vertically orientated samples which have near identical properties
[126]. This implies that horizontal struts should be avoided unless they can be
supported with other struts. The results coincide with findings by Abele et al. [131].
Amin Yavari et al. studied the fatigue behaviour of Ti6AI4V porous lattice fabricated
by SLM. It is found that the static mechanical properties of the porous structures are
within reported range of mechanical properties of bone, however, the normalized
endurance limits of the tested structures are lower than some other porous structures
manufactured using other techniques [151]. Key findings of mechanical properties of

metallic lattice structures fabricated using SLM are tabulated in Table 6 and Table 7.
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Table 6 Compression properties of Ti6Al4V scaffolds fabricated by SLM

Test Description

Key findings

Reference

Uniaxial loading was
carried out using a
servo-hydraulic test rig
with a maximal load
capacity of £15 kN.

Tested in accordance to
ISO 13314:2011.

Mechanical testing with
2100 kN load cell at a
strain rate of 102 s1.

Steep drop in stresses occurs at strain of about 5 % due to failure of struts along the entire plane of the
cube. The drop is steeper for the as-built samples due to inferior ductility. Higher maximum stresses is
achieved by the heat treated sample.

As the number of unit cells used in x-, y-, and z-directions increased from 5 to 20, the cellular
structure exhibited a stiffer response. Comparison between the mathematical, numerical, and
experimental results shows that for small values of the apparent density, all methods yield very
similar results. As the apparent density increases, Young's moduli estimated using the FE model
match the experimental results very well even for large apparent density values.

Different hatch spacing results in yield strength between 467 and 862 MPa, and Young’s modulus in
the range of 16 to 85 GPa. There is no significant influence of hatch spacing on failure mechanism,
which is due to adiabatic shear band.

[150]

[35]

[127]
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Table 7 Tensile, bending and fatigue properties of Ti6Al4V scaffolds fabricated by SLM

Mechanical

Property

Test Description

Key findings

Reference

Tensile

Fatigue

Bending

Uniaxial loading was carried out using a
MTS servo-hydraulic test rig with a
maximal load capacity of £15 kN.

Cyclic test with force control was used,
applying a peak load of 25 % of the
maximum load reached by the as-built
specimens under monotonic tensile and
bending load respectively.

Four-point-bending test with rolls of 16 mm
diameter were installed. Distance between
the two upper rolls is 35 mm while the
distance between the two lower rolls was 70
mm. This setup was mounted to a testing
system capable of handling £15 kN.

Annealed samples are able to bear higher load at early stage of
deformation. Heat treated samples have high ductility, allowing
the struts to align along the loading axis which improves their
load carrying capacity.

Heat treated sample have higher fatigue life. The shortening of
the sample (in compressive force) was related to strain
accumulation and a reduction of stiffness due to crack initiation
and growth within the struts.

Annealed samples have higher ductility and more intact struts.
This results in higher stiffness.

[150]

[150]

[150]
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2.4 — Summary

With the advancement in AM technologies, it is now able to fabricate fully functional

metallic parts directly. In particular, SLM provides the opportunities to mass

customize implants due to their ability to fabricate parts with complex and intrinsic

designs that can be specific to individual patients.

To summarize, all the above studies show the immense potential of SLM to become

the preferred method for producing medical implants in future. However, there are still

research challenges that need to be overcome, in areas such as:

1)

2)

Material Research

Current metallic biomaterials such as 316L stainless steel, cobalt chromium
and Ti6AIl4V have been widely adopted for use in orthopaedic industry.
However, these materials have moduli that are much higher than that of human
bones (1.0 to 25.0 GPa). Mismatch of modulus with the neighbouring bones
will result in stress shielding. To minimise such adverse effect, there is a need
to develop new materials that have the strength to act as replacement of bones
for load bearing supports and yet has modulus as close as possible to that of

bones.

Designs of Orthopaedic Implants

There is now more design freedom for implants due to the growing prominence
of SLM in this field. Despite these advantages, SLM still have limitations such
as the limited pool of materials that can be processed by them as well as the
lack of understanding in SLM constraints for lattice fabrication. Furthermore,

the dimensional accuracy of the designed cellular structures and the entrapment
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of powder within them for orthopaedic implants proved to be challenging.
However, these limitations can be overcome in the near future by further
improvement in SLM. Improvement to the process can be achieved by more in
depth study of the process such as the interaction of processing parameter with

powders to control the fabrication of cellular lattice structures.
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Chapter 3 — Materials and Characterisation
Methods

This chapter describes the experimental details of the research. The powder
preparation for selective laser melting (SLM) of titanium-tantalum (TiTa) is detailed.
The test methods for metallographic, metrological and mechanical characterisations

are then documented. Lastly, the details for biocompatibility test are elaborated.

3.1 — Powder Preparation

Both cpTi and tantalum powders are produced by gas atomization. The cpTi powder
(Grade 2 ASTM B348, LPW Technology Ltd) is spherical in shape and has particle
size with average 43.5 um in size. The tantalum powder (Singapore Demand Planner
Ltd) is irregular in shape and has average particle size of 44 um. The morphologies of

the cpTi and tantalum powders are shown in Figure 12.

5.0kV

(a) (b)

Figure 12 FESEM images of (a) cpTi powder and (b) tantalum powder

The two powders were mixed in weight ratio of 1:1 and then spun at a rate of 60 rpm
for 12 hours using a tumbler mixer (Inversina 2L, Bioengineering AG). The mixed
powder density was measured using gas displacement pycnometry system (AccuPyc Il

1340, Micromeritics).
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3.2 — Metallographic Characterisation

The SLM samples were subjected to standard metallographic procedure which is
grinding with 320, 800 and 1200 SiC papers in a consecutive manner and then
polished by diamond suspensions of 9, 3 and 1 um. The samples were then etched
with Kroll’s reagent (10 mL of HF, 30 mL of HNO3 and 50 mL of water) from ASTM
E407 (Standard Practice for Microetching Metals and Alloys) for 20 s. The
microstructure study was conducted using field emission scanning electron
microscopy (FESEM, JSM7600, JEOL), X-ray diffraction (XRD, Empyrean,
PANalytical) and electron back scattered diffraction (EBSD, Nordlys, Oxford
Instruments). The grain size distribution was measured from the EBSD results using

post-processing software, HKL CHANNELS5 (Oxford Instruments).
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3.3 — Mechanical Characterization

3.3.1 — Tensile properties

Tensile coupons with gauge length of 25 mm, based on ASTM ES8 (Standard Test
Methods for Tension Testing of Metallic Materials) were produced using electrical
discharge machining (EDM) wire cut from SLM fabricated blocks, as shown in Figure

13. This is to ensure that the test coupons used are in compliance with the standard.

V4

Build direction

Wire cut machining

Figure 13 Schematic of producing tensile coupons from blocks fabricated by SLM

Tensile test (Static Tester Series 5569, Instron) was conducted with a 50 kN load cell
and strain rate of 1 mm/min. Tensile test loading direction was perpendicular to the

build direction, i.e. along the xy-plane.
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A schematic of build orientation during the SLM process is shown in Figure 14.

Z

Build direction

Figure 14 Build orientation of blocks fabricated using SLM

The build direction is along the z-axis for all test samples.

3.3.2 — Micro-hardness
The micro-hardness test of the material was carried out using Vickers hardness test
(DuraScan, Struers) on the xy-plane and yz-plane with a load of 100 g and a loading

time of 15 s.

3.3.3 — Compression properties

The fabricated cubic samples have designed dimensions of 10 mm by 10 mm by 10
mm, which are used as test coupons for compression tests based on 1SO 13314:2011
(Mechanical testing of metals — Ductility testing — Compression test for porous and

cellular metals).

Uni-axial compression tests were carried out, at room temperature (25 °C), to assess
the compressive properties of the lattice structures, each with three replicates (n = 3),
by using Instron Static Tester Series 5569 equipped with a 50 kN load cell. The

loading speed was set at a constant of 0.6 mm/min, so as to maintain a constant strain
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rate for all tests as recommended by the standard. The compressive deformation rate
has to be set such that the strain rate experienced by the samples are constant

throughout.

The compressive deformation rate and strain rate is related by the following equation:

compressive deformation rate (@)

strain rate = -
height of test sample

Using a standardized strain rate minimizes the differences in results obtained due to
the effect of strain rate on hardening behaviour which may be present in some
materials [152-155]. 1ISO 13314:2011 recommends a range of strain rates between 107
and 102 /s (0.06 and 0.6 /min). To ensure consistency, the test samples are all strained
at a uniform rate, without sudden changes, to minimize the effects of different strain
rates [153, 154, 156]. The low strain rate of 102 /s is used as a high strain rate
recommended by ISO 13314:2011 can lead to abnormal strain hardening behaviour in

titanium [152-154].

The compression tests were carried out until axial deformation of the samples was
equal to 100 % or when the maximum loading of 50 kN was reached, whichever came
first. The stress-strain curves, yield strengths and elastic constants in compression of

the as-fabricated samples were then obtained through the compression tests.

3.4 — Metrological Characterisation

The overall dimensions of the as-fabricated lattice structures were measured using
digital Vernier callipers with 0.01 mm accuracy (ABS Digimatic Calipers, Mitutoyo
Corporation). The sample dimensions were derived from the average of three points (n

= 3) on each of the three replicates (N = 3) of the as-fabricated samples. Dry weighing
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occurred under normal atmosphere conditions using a XS Analytical Balance with
sensitivity of 0.001 g and repeatability of 0.0001 g (XS 204, Mettler Toledo), and the
density of the samples pabs Was calculated by dividing the actual weight by the volume
of the parts. The porosity of the parts is obtained using the formula as follows:

Porosity (%) = (1 - L) x 100 @)

Ptheoretical

where pieoretical IS the theoretical density of the bulk material.

The struts of the as-fabricated samples underwent morphological characterization
using optical microscope (OM, SZX 7, Olympus). The same equipment was also used
for measurement of the strut dimensions using the OM images. The strut dimensions
were measured based on the fully formed strut, without taking into consideration
powder adhesion to the struts. For every OM image, 15 values of the strut dimensions

were measured (n = 15) and the average value was taken.

3.5 — Biocompatibility Evaluation of Titanium-Tantalum Structures

The human osteosarcoma cell line SAOS-2 was obtained American Type Culture
Collection (HTB85, American Type Culture Collection, ATCC). The cells were
cultured in McCoy's 5A modified medium (16600-082, Gibco, Life Technologies),
supplemented with 15 % fetal bovine serum and 1 % antibiotics. The cells were
cultured at 37 °C with 5 % COg, routinely trypsinized after confluency, counted, and
seeded onto the scaffolds. The scaffolds were sterilized by soaking in 70 % ethanol for
an hour and undergone autoclaving for 20 minutes at 121 °C. A cell suspension of
5x 103 cells in 100 uL was added onto the top of each scaffold. After initial incubation

of 3 hours, 1 mL of culture medium was added to cover the scaffold.
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To determine the biocompatibility of the scaffolds, tests using Quant-iT PicoGreen
dsDNA Assay Kit (Life Technologies, Thermo Fisher Scientific) were performed on
days 1, 3 and 7. Day 7 is the end of the culture period. The amount of double stranded
deoxyribonucleic acid (dsDNA) corresponds to the number of SAOS-2 cells found

within the scaffolds.

One-way analysis of variance (ANOVA) together with Tukey-Kramer post-hoc
analysis was used to identify possible significant differences (with significant

threshold: p < 0.05) between evaluate the TiTa, cpTi and Ti6AI4V.
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Chapter 4 — Formation of Titanium-Tantalum
Alloy Using Selective Laser
Melting

This chapter introduces the [ stabilisers for titanium. The powder prepared for
selective laser melting (SLM) of titanium-tantalum (TiTa) is then characterised and
described. The optimising criteria and optimised process parameters for TiTa is also

presented in this chapter.

4.1 — B Stabilisers for Titanium

From literature review, there have been several studies done on SLM of new titanium
based alloys, such as Ti6AI7Nb [119-121], however studies on B titanium have been
limited. B titanium alloys provide enhanced properties such as lower modulus, higher
corrosion resistance and improved tissue response when compared to the commonly
used titanium alloys [118, 157]. Several metallic elements serve as [ stabilizers for
titanium, for example iron, vanadium, niobium, molybdenum, nickel, chromium,
copper and tantalum. Among the B stabilizing elements, tantalum has low cytotoxic

and exhibits excellent biocompatibility [158, 159].

In this work, formation of titanium-tantalum alloy is achieved using SLM for the first

time.
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4.2 — Powder Characterization
The mixing procedure was effective in mixing these two types of powder together, as

shown in Figure 15.

Figure 15 Titanium + tantalum powder mixture. The spherical powder is titanium and the irregular

powder is tantalum.

The titanium powder particles remained spherical after the mixing, which is important
for the flowability of the powder mixture. Flowability tests were conducted on the
cpTi, tantalum and TiTa powders using the revolution method (Revolution Powder
Analyzer, Mercury Scientific Inc.). In this test, a tapped volume of 100 cm?® of powder
was measured by freely filling a cup that was gently tapped until no more powder
could fit in. Excess powder was removed using a sharp edge. The powder was then
placed inside the cylindrical drum with transparent glass sides. The drum was set to
rotate at 0.3 rpm and a digital camera was used to monitor the flow behaviour of the
powder. Due to the drum rotation, the powder would be carried up along the side of
the drum until it could not support its weight, forming avalanches. The avalanche

angle was computed by measuring the angle where the powder was at maximum
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position before the start of the avalanche. Lower avalanche angles are indicative of

better flowability of powders. The avalanche angle is illustrated in Figure 16.

Rotating drum

Powder sample

Rotating direction

vAvalanche angle

Figure 16 Schematic of the avalanche angle measured in flowability test.

There are advantages in mixing cpTi and tantalum powders, as follows:

1) Flowability is a key concern in SLM, as uniform powder deposition is required
for production of parts with high relative density. Spherical powder is ideally
desired. However, the tantalum powder has non-spherical shape, as its high
melting point of 2996 °C restricts the production of spherical powder
economically. Hence, the overall flowability is improved by mixing the
tantalum powder with spherical cpTi powder. The spherical titanium particles
roll easier during powder depositions and acts as a medium by pushing the

tantalum particles along. Flowability can be indicated by the avalanche angle
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of the powders. Table 8 shows the average avalanche angle of cpTi, tantalum

and titanium-tantalum mixed powders for 150 avalanches (n = 150).

Table 8 Avalanche angle of cpTi, tantalum and TiTa powders.

Material Avalanche angle (deg), n =150
cpTi 44.65 + 3.19
Tantalum 56.51 +5.88
TiTa 52.54+ 4.25

The results show that the TiTa mixed powder has better flowability compared
to the non-spherical tantalum powder. However, the blended powder
flowability is still lower compared to the cpTi powder. Nonetheless, the
improvement in flowability is sufficient for powder deposition and subsequent

fabrication by SLM as shown in the experiments conducted in this study.

2) Tantalum has a high density of 16.6 g/cm?®. The powder volume increases for a
specific weight of the powder mixture by mixing tantalum powder with cpTi
powder, as compared to processing pure tantalum powder, due to the lower
density of cpTi (4.51 g/cm?). This lower the production cost of processing in

SLM as larger powder volume allows fabrication of larger parts.
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Physical properties of cpTi and tantalum obtained from ASM Handbook are

summarized in Table 9.

Table 9 Physical properties of cpTi and tantalum powders

Materials Density (g/cm?) Melting point (°C)
cpTi 4.51 1668 + 10
Tantalum 16.60 2996

The high density difference between titanium and tantalum can result in segregation of
the powders in the mixture. The TiTa mixed powder composition was ascertained by
inductive coupled plasma atomic emission spectroscopy (ICP-AES) and energy
dispersive X-ray spectroscopy (EDS). Random samplings were done with the powder
mixture. The results are tabulated in Table 10, showing no segregation of titanium and

tantalum in the powder mixture.

Table 10 Chemical composition of TiTa mixed powder

Powder Nominal (wt%o) ICP-AES (wt%),n=3 EDS (Wt%),n=5
cpTi 50 51.27 55.74 + 1.06
Tantalum 50 48.19 44.26 + 1.06

58



Chapter 4 Formation of TiTa

The theoretical density of TiTa is calculated using the density of titanium and tantalum,

details of the calculation is shown in Table 11.

Table 11 Calculations of theoretical TiTa density

Material Mass (g) Density (g/cm?) Volume (cm?)
cpTi 0.5 4.51 0.11

Tantalum 0.5 16.60 0.03
TiTa 1 7.10 0.14

The theoretical and measured densities of TiTa mixed powder is tabulated in Table 12.

Table 12 Theoretical and measured densities of TiTa powder

Material Theoretical density (g/cm?) Measured density (g/cm®), n=5

TiTa 7.10 7.0835 £ 0.0035
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4.3 — Parameters Optimization for Selective Laser Melting

Fabrication of the TiTa alloy was carried out on a SLM 250 HL machine (SLM
Solutions Group AG). The SLM machine is equipped with a Gaussian beam fibre laser
with maximum power of 400 W and a focal diameter of 80 um. All processing
occurred in an argon environment with less than 0.05 % oxygen to prevent oxidation
and degradation of the material during the process [160]. Sectorial, also known as
island or chessboard, scanning as shown in Figure 17 was used. This scanning strategy

has been reported to minimize thermal stresses formed during the process [161, 162].

Figure 17 Chessboard strategy used in SLM

In order to optimize the processing parameters for fabrication of TiTa using SLM, a
series of experiments is conducted by varying the hatch spacing and scanning speed

while keeping the laser power and layer thickness constant.
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The key parameters in SLM are shown in Figure 18.

Laser

Laser power

Scanning speed

Hatch spacing
I

Layer thickness
Melt pool

powderbed | ¢
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Preceding layers or substrate plate
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Preceding melt tracks (solidified) m
SEer power

Scanning speed

(b)

Figure 18 SLM process parameters (a) laser power, hatch spacing, layer thickness (b) scanning speed
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The energy density Eq of the selective laser melting process is influenced by the laser
power P, hatch spacing H, laser scanning speed S and layer thickness L of the powder

according to the equation below:

P 1)

The processing parameters are optimized and chosen based on the relative density
achieved for the sample and the formed macrostructure of the samples studied under
optical microscopy (OM, SZX 7, Olympus). The sample densities were measured
using a XS Analytical Balance with sensitivity of 0.001 g and repeatability of 0.0001 g
(XS 204, Mettler Toledo), based on the Archimedes Principle. Archimedes
measurements are based on a combination of dry weighing and weighing in deionized

water. The absolute density of each specimen is calculated using the equation:

Myir (4)
Pabs = — X Pwater
Myir Myater

where pabs is the absolute density of the specimen, mair is the mass of specimen in dry
weighing, Mwater is the mass of specimen fully submerged in deionized water and pwater
is the density of deionized water. The relative density preiative Of the specimen is then

calculated using the equation:

Prelative = _ Pabs o100 9% (5)

Ptheoretical

where the theoretical density pineoretical Of TiTa is taken to be 7.10 g/cm?, as shown in

Table 12.
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A general trend for density measurements and macrostructure analysis is graphically
represented in Figure 19. Insufficient energy density will result in incomplete and
discontinuous melt tracks, as the energy input is not sufficient in melting all the
powder materials. The melt pools formed with low energy density also do not have
enough penetration depth to allow complete inter-layer fusion, resulting in cracks in
the part. Optimal energy density will result in melting of the powder materials to
form good fusion between the powder layers, and resulting in parts of near full density.
Excessive melting occurs when the energy density input is too high, leading to balling,
delamination as a results of thermal cracks due to the large temperature difference

between the layers.
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Figure 19 General relationship between relative density of SLM parts and energy density

SLM is a complex metallurgical process. Thus, optimising the above mentioned inter-
related parameters is crucial in producing high quality parts with high relative density.
Unfavourable defects may occur in the parts due to localised irregularities such as
balling, cracks, delamination and residual stress. Furthermore, unmelted or partially

melted segments and porosity may be created due to improper powder deposition
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which leads to low and inhomogeneous powder bed density, and reduction in
solubility of some elements in melt during solidification [163, 164]. These defects will

lead to undesirable effects on the relative density of the SLM parts.

Balling is the droplet or fragmentation formation from the melt pool as a result of
capillary instability [165]. The stability of melt pool is affected by increasing scanning
speed which result in elongated liquid pool. During SLM process, the laser scanning
causes melting in powder along straight lines, resulting in formation of a continuous
cylindrical liquid track. The surface energy of the liquid track may reduce until the
breaking of the cylinder to reach equilibrium, leading to metallic fragments of
spherical shape to be formed. Balling results in weak bonding between the melt tracks
and affects the uniform deposition of the next powder layer. This leads to a
compounded effect and may form porosity. The weak interlayer bonding can cause
delamination and thermal stresses [165]. Balling can be avoided by improving the

stability of the melt pool by careful control of the process parameters.

Cracks significantly diminish the mechanical properties of SLM parts. Cracks in SLM
parts can be classified into microscopic and macroscopic cracks. The microscopic
cracks are usually formed during rapid solidification due to liquid film interruption at
grain boundaries as a result of tensile stress [165, 166]. Macroscopic cracks are formed

due to low ductility of the material and stress induced crack propagation.
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An example of the specimen used for density measurement and OM with the

inspection criteria are shown in Figure 20.

Sample

OM Inspection Criteria

XY-plane YZ/XZ-plane

* Complete and continuous melt * Absence of delamination

tracks
* Absence of cracks
* Absence of balling
* No pores
* No pores

Figure 20 Sample of TiTa alloy for density measurement and selection criteria

The samples are studied under OM to ascertain the macrostructure of the samples of

various combinations of processing parameters. The processing parameters used and

the examples of resulting surfaces in the xy-plane are shown in Figure 21.
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Figure 21 xy-plane surface morphology of density specimens with variation in energy density input
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Selected defects, such as balling and interlayer cracks, observed in some samples are
highlighted in Figure 22 and Figure 23. OM images of the specimens and
corresponding process parameters are tabulated in Appendix A — Optical Microscopy

Images of Defects in Titanium-Tantalum Parts.

Figure 23 OM images showing (a) complete fusion across layers (b) interlayer cracks

When energy density is high, excess energy in the laser beam leads to the Marangoni
effect, which in turn affects the quality of the melt pool [69, 167]. The Marangoni
effect is the mass transfer between melt pools along their interface due to surface

tension gradient. Due to the thermo-capillary action, Marangoni effect can affect the
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penetration depth of the melt pool [168]. Due to the influence of Marangoni effect, it
can lead to instability of flow in the melt pool. The instability of flow in a melt pool

leads to the breaking up of thin melt pools into spherical droplets, resulting in balling.

Interlayer cracks are often caused by formation of small melt pools with low
penetration depth resulting in incomplete fusion across the layers as well as build-up
of thermal gradients across layers resulting in delamination. Furthermore, shear stress
formed in the liquid phase during the melting process can cause increased surface
tension of the melt pool which leads to melt pool instability and cracks. Due to the
rapid heating and cooling in SLM, residual stress may be formed. The residual stress
can result in stress cracking and interlayer delamination. It is reported that residual
stress usually include large tensile stress at the top and bottom of the SLM parts and
compression stress at the segment in between. The molten top layers tend to shrink due
to thermal contraction, which is restricted by the previous solidified layers. Thus,
tensile stress is induced in the added top layers. When successive layers are added on
top, each layer induces a certain stress profile in the substrate and also in the
underlying solidified layers, thus reducing the initial tensile stress present in these
layers, resulting in compression stress at the segment in between [169]. The residual
stress is dependent on the material properties such as elastic modulus and thermal
expansion coefficient, sample height and processing parameters. In general, residual
stress is larger in the direction along the build direction. The residual stress can be
controlled by preheating the build substrate and reducing the temperature gradient

[170].
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4.4 — Summary
The processing window of TiTa by SLM which achieved 99.9 %, full dense parts is

tabulated in Table 13. However, some of the full dense parts are not defect free.

Table 13 SLM processing window for TiTa

Process parameters

Laser power (W) 360
Laser scan speed (mm/s) 200 - 600
Layer thickness (um) 50
Hatch spacing (mm) 0.025 - 0.125
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Chapter 5 — Characterisation of Selective Laser
Melting Titanium-Tantalum Alloy

This chapter details the microstructural and mechanical characterisation of titanium-
tantalum (TiTa) alloy. The methods used for the characterisation are described in
Chapter 3, and the results discussed and analysed using the theories behind the SLM
process. Benchmarking against commonly used cpTi and Ti6AIl4V is also done for the

TiTaalloy.

The particular set of optimised parameters are chosen to fabricate all the TiTa alloy
bulk samples based on the relative density and macrostructure analysis results using
OM, as shown in Chapter 4. The optimised parameters are chosen as the specimens
produced have relative density of 99.9 %, full dense, and are free from defects. The

optimised parameters are tabulated in Table 14.

Table 14 Optimised SLM processing parameters for TiTa

Process parameters

Laser power (W) 360
Laser scan speed (mm/s) 400
Layer thickness (um) 50

Hatch spacing (mm) 0.125
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5.1 — X-Ray Diffraction Phase Analysis

It is observed from Figure 24 that the peaks in the TiTa mixed powder pattern
correspond to the respective peaks of the tantalum powder and cpTi powder. This
implies that the physical mixing of the powders did not result in any phase change in

the materials.
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Figure 24 XRD patterns of cpTi, tantalum, TiTa powders and SLM produced TiTa

The XRD spectrums of SLM produced TiTa samples are also shown in Figure 24,
After the SLM process, the respective diffraction peaks of titanium and tantalum can
still be observed. However, only the peaks corresponding to the B phase are observed.
Pure titanium has a hexagonal close packed (HCP) structure, i.e. a phase, at ambient

temperature. At temperature greater than 883 °C, it exists as a body centered cubic
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(BCC) structure, i.e. p phase. The B phase becomes stable at temperatures lower than
883 °C when J stabilizers are added and can be maintained in the metastable state at
ambient temperature. The BCC structure stability depends on the extent of alloying
elements. The amount of B stabilizer required to retain purely B phase at ambient
temperature depends on the Molybdenum equivalency [31], an empirical rule derived
from analysis of binary titanium alloys. In general, approximately 10 wt% of
molybdenum is required to stabilize the B phase during quenching [171]. During SLM,
the parts undergo rapid cooling which is similar to rapid quenching. Molybdenum

equivalence is given by:
Mo,q,= 1.0Mo + 0.67V + 0.44W + 0.28Nb + 0.22Ta +1.6Cr + ---- 1.0Al (6)

Based on the Molybdenum equivalence, the TiTa alloy formed has a Moeq of 11,
which is more than 10 but less than the critical value of 25. It signifies that the
resulting B titanium from SLM of the mixture of cpTi and tantalum powders is
metastable. 3 titanium and tantalum have similar atomic radii (approximately 0.2 nm)
and both have BCC structures with lattice parameter of approximately 332 pm, their

XRD peaks coincide. They also share the same peaks as B(Ti,Ta) solid solution [172].

The addition of tantalum in the alloy suppresses the transformation of § phase to the o’
phase due to the [ stabilizing effect. This was achieved by decreasing the critical
cooling rate to retain B phase and lowering of the martensitic start temperature.
Coupled with the rapid solidification during SLM process, SLM produced TiTa
exhibits single  phase microstructure and not a + 3 despite being metastable. Previous
studies have also shown the preference of formation and growth of  phase over a
phase at large undercooling [173]. Metastable B titanium alloys are advantageous as

their mechanical properties can be tailored [174]. This implies that the SLM produced
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TiTa parts can be heat treated to obtain various combinations of mechanical properties

for different applications.

5.2 — Microstructure of Titanium-Tantalum Parts
The resulting microstructures of the SLM samples in xy-plane and yz-plane are shown

in Figure 25(a) and Figure 25(b) respectively.

15.0kV SEI

(a) "~ (b)

Figure 25 FESEM micrograph of SLM produced TiTa samples (a) xy- and (b) yz-plane

The SLM produced samples consist of TiTa solid solution matrix with unmelted
tantalum particles. The applied energy density during SLM is sufficient to fully melt
the titanium powder but some of the larger tantalum particles only melted partially due
to the higher melting point of tantalum. The composition of the TiTa matrix was
determined to be 50.74 + 0.82 wt% of titanium and 49.26 £ 0.82 wt% of tantalum. The
composition of the TiTa matrix is consistent throughout, even near the boundary of the
unmelted tantalum. The consistency of the composition shows that the diffusion of
melted tantalum into the matrix is not obstructed by the partial melting. The relatively
large two phase (liquid + solid) field in the binary titanium-tantalum phase diagram
also shows the difficulty in melting the two materials together. This resulted in the

tantalum particles in TiTa matrix microstructure shown in Figure 25.
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Equiaxed B grains can be observed, as shown in Figure 25. Due to the isomorphous 3
stability effect of tantalum, no a phase is formed during the rapid cooling in SLM. The
equiaxed B grains arise due to the melting of scan tracks and layers that resulted in
temperature about the [ transus. Partial remelting between adjacent scan tracks
resulted in melt tracks formation that is larger than the laser spot size of 80 pm.
Furthermore, there was also remelting of previous layer due to penetration depth of the
laser larger than the layer thickness of 50 um. This allows growth of the grains that are
parallel, inclined or perpendicular to the build direction in various sizes. This indicates
that the grains grow from multiple locations in the melt pool. A schematic showing the

overlapping of melt tracks and melt pools is shown in Figure 26.

/7 \ Gaussian laser beam
o\
Melt tracks overlap
Melt pool overlap across layers Ti particles Unmelted Ta
Ta particles TiTa martix

Figure 26 Schematic of overlapping melt tracks and melt pools during SLM.
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In addition, the main driving force in the molten pools of SLM process is the
convection applied by the combination of surface tension gradient, viscous shear stress
and buoyancy forces [175]. During solidification of the molten pool in SLM, the laser
beam moves forward and thermal energy is quickly dissipated to the substrate or
previous solidified layer due to the higher thermal conductivity of solid compared to
the surrounding powder [21, 42]. This results in temperature gradients within the melt
pool. The temperature gradients result in chemical potential gradient of solute
elements and different directions of liquid flow. These phenomena result in random
orientation of the grains formed due to multiple mass flow directions. Furthermore,
during SLM, laser scanning is performed line-by-line, followed by layer-by-layer.
These influenced the grain formation in multiple directions, as observed in Figure 25,

due to corresponding thermal flows.
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The directions of the resulting grains are determined using EBSD, as shown in Figure

27.
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Figure 27 EBSD maps showing different orientation of grains (a) specimen and grain orientation (b)

Xy- (c) yz- and (d) xz-planes with respect to build orientation

Similar to FESEM images, the EBSD images shows equiaxed  grains developed and
grew within each layer in multiple directions. The random grain orientations result in
anisotropic microstructure without any preferred grain orientation, despite the rapid
solidification rate. Furthermore, due to the scanning strategy which involves the laser
beam moving backwards and forwards, the grain structures produced consist of grains

in random orientations.
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The grain size in SLM produced TiTa samples (n = 5) has an average value of 10.20 +
7.68 um and the grain size distribution is shown in Figure 28. It is observed that the

grain size of the samples is generally smaller than the laser spot size of 80 pum.

70.0

50.0

30.0 4

20.0 -

Normalized percentage (%)

5-15 15-30 >30

Grain size distribution (im)

Figure 28 Grain size distribution of SLM produced TiTa samples

This observation implied that there were multiple nucleus sites for grain formation
along one single melt track. The grains formed were orientated in various orientations

due to the temperature gradients that existed in multiple orientations.

The difference in grain size can be attributed to the difference in thermal conductivity
of titanium (21.9 W/mK) and tantalum (57.5 W/mK). When the grain nucleates in
proximity to the unmelted tantalum, heat is conducted away quicker due to the higher
thermal conductivity of tantalum. This results in smaller grains formed as the

solidification rate is higher.
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In solidification process, the temperature gradient in the liquid phase, G and the
growth of the interface, or solidification rate, R are the two main factors that affect the
grain morphology. From literature, a high G/R ratio will result in columnar growth,
while low G/R ratio result in equiaxed growth [176]. From the titanium-tantalum phase
diagram, the temperature range between liquidus and solidus is approximately 300 °C
for titanium with 50 wt% tantalum which allows for solidification to occur within
short time periods during SLM. Furthermore, rapid solidification occurs during SLM
inherently, hence, R is high during SLM. The sectorial scan strategy used in this study
has shorter scan tracks which tend to produce lower temperature gradients (low G)
[177]. The low G/R ratio resulting in formation of the equiaxed grains in SLM

produced TiTa.

Within each of the equiaxed grains, laminar B phase substructures with directionality
can be observed. The substructure surrounds the unmelted tantalum particles grow in
direction parallel to the surface of the particles due to tantalum having higher thermal
conductivity compared to the titanium-tantalum solid solution, which results in higher
G surrounding the tantalum particles as heat is dissipated away from the liquid phase
faster along the tantalum particles. When the melt tracks overlap, G is also increased
due to remelting. This results in formation of laminar substructures in the solidified
TiTa. The formation of these laminar substructure with directionality is due to the
Gaussian laser heat source which non uniform power distribution and fluctuating
energy output [178]. This results in multiple temperature gradients of different
direction within the melt pool. Coupled with the multiple nucleation sites in the melt
pool and differences in thermal conductivity between the liquid, solid and powder,

directionality in the substructures occurs.
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A schematic showing the formation of laminar substructures is shown in Figure 29.

Gaussian laser beam

Multiple temperature gradients
in different orientation within
the melt pool

@ i ‘ B laminar
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' Grain boundary
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Figure 29 Formation of B laminar substructure in equiaxed grains in SLM produced TiTa

In comparison, SLM produced cpTi consist of primary o phase while SLM produced

Ti6Al4V samples consist of o’ phase. The phase transformation in the SLM produced

materials is determined by solidification behaviour of the molten pools with complete

liquid formation, including the liquid flow, solidification rate and thermal history

[179]. Heating and cooling over the beta transus temperature leads to complete re-

nucleation of phases.
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The difference in microstructure between these three materials is captured by XRD

analysis as shown in Figure 30.
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Figure 30 XRD patterns of SLM produced cpTi, Ti6Al4V and TiTa
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The resulting microstructures of cpTi and Ti6Al4V samples are also shown in Figure

31 and Figure 32 respectively.

Figure 32 FESEM micrograph of SLM produced Ti6Al4V samples (a) xy- and (b) yz-plane

Standard XRD peaks corresponding to HCP structure were detected for the cpTi and
Ti6Al4V samples. The HCP structure is determined to be a phase for cpTi samples
from the FESEM images which shows the microstructure consisting of a mixture of
acicular and platelet a. The platelet a is formed when rapid cooling occurred during
SLM from temperature above the beta transus of 883 °C, allowing the transformation

of B into a phase. However, in Ti6Al4V samples, the HCP structure is determined to

80



Chapter 5 Characterisation of TiTa

be o phase from the FESEM images which shows complete martensitic
microstructure. Martensitic laths transformed from prior 3 grain boundaries and fill the
grains. Furthermore, the XRD pattern of Ti6Al4V samples indicates presence of a
HCP phase with lattice parameters a = 0.2944 nm and ¢ = 0.4678 which is in
agreement with the lattice parameter values given for the o’ phase (a = 0.29313 nm

and ¢ = 0.46813 nm) in literature [54].

The materials in SLM undergo very high cooling rates during the process. However,
these cooling rates vary due to the differences in physical properties of the materials.
In addition, the difference in composition of cpTi, Ti6Al4V (with a and B stabilizers)
and TiTa (with B stabilizer) results in various beta transus. The difference in cooling

rates and beta transus lead to different microstructure formation in the three materials.

5.3 — Mechanical Properties of Titanium-Tantalum Parts

The tensile properties of SLM produced cpTi, Ti6Al4V and TiTa are shown in Table
15. All tensile coupons were fabricated using parameters stated in Table 14.
Mechanical tests were conducted in-house, using the same machines and test

equipment stated in Chapter 3.
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Table 15 Tensile properties of SLM produced TiTa, Ti6Al4V and cpTi samples (n = 5)

Material Young’s modulus (GPa)  Ultimate tensile strength (MPa) Yield strength (MPa) Elongation (%)
TiTa 75.77 £ 4.04 924.64 +9.06 882.77 + 19.60 11.72 +1.13

Ti6Al4V 131.51 +16.40 1165.69 + 107.25 1055.59 + 63.63 6.10 £ 2.57
cpTi 111.59 £ 2.65 703.05 + 16.22 619.57 + 20.25 5.19+0.32
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The corresponding typical stress-strain curves are plotted in Figure 33.
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Figure 33 Stress-strain curves of SLM produced TiTa, cpTi and Ti6Al4V specimens

The Young’s modulus of SLM produced TiTa is the lowest. The elastic modulus of an
alloy is mainly determined by the modulus and volume fractions of the constitution
phases and is not sensitive to grain size [180]. It was reported that B phase has the
lowest Young’s modulus in titanium phases, a” phase has modulus lower than a phase
and the phase with the highest modulus is ® phase [119]. The observation from the
SLM produced titanium and its alloys parts are in agreement with the reported results.
TiTa samples have the lowest Young’s modulus, as only B phase is present, followed
by cpTi (with a phase) samples. Ti6Al4V (with o’ +  phase) samples have the highest
Young’s modulus. This observation is also in agreement with findings from other f
titanium alloys [117]. In addition, the TiTa specimens have higher ductility, shown by

the higher elongation at yield, than Ti6Al4V. However, the higher ductility is a trade-
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off for lower yield strength, which is sensitive to size and morphology of the
microstructures [180]. Higher ductility is due to the absence of strain hardening in
TiTa alloy. Strain hardening may occur in Ti6Al4V due to the presence of o’
martensitic phase [53], which does not exist in the TiTa alloy. Furthermore, the
increase in elongation can be attributed to a microstructural change to the more ductile

B phase in TiTa alloy [31].

The differences in microstructure between the materials also translate to differences in

micro-hardness values as shown in Table 16.

Table 16 Micro-hardness of SLM produced TiTa, Ti6Al4V and cpTi samples

Material xy-plane (HV), n =10 yz-plane (HV), n =10
TiTa 2845+ 11.06 282.7 £9.76

Ti6Al4V 383.16 + 10.62 386.83 +8.73
cpTi 213.4 £ 10.29 217.4 + 3.67

There is insignificant difference between the micro-hardness values for the xy-plane
and yz-plane for TiTa, Ti6Al4V and cpTi. The random grain orientations without any
preferred grain orientation due to the scanning strategy which involves the laser beam
moving backwards and forwards, results in similar micro-hardness values in the two

planes.
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The fracture surfaces after tensile tests for the materials were investigated using

FESEM, as shown in Figure 34.

(d)

Figure 34 Fracture surfaces after tensile test (a) TiTa (b) Ti6Al4V (c) cpTi samples and (d) samples of

tensile test coupon before and after fracture

All the specimens fractured after neck creation. The fracture surfaces confirmed the
ductility of the three materials. At microscopic level, they exhibited features showing
mixed mode of ductile and brittle fracture. The fracture surfaces showed a
combination of ductile dimples and voids indicating ductile failures as well as
cleavage facets that consisted of flat planes with small atomic steps indicating brittle
fracture. The fractures were proceeded predominantly by ductile intragranular fracture

mode with dimple-like morphology. As can be seen from Figure 34(a) the fracture
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surface of TiTa is covered by very fine dimples of about 2 to 5 pum, shown by the
brighter lines in the FESEM image. This was compared to the Ti6Al4V which shows
larger dimples of about 5 to 10 um. The dimple size is indicative of the fracture energy
during the fracture. Ductile fracture was more dominant in TiTa compared to cpTi as
observed from the smaller cleavage facets and planes on the fracture surface of cpTi.
This could be attributed to the presence of the B phase that is more ductile than the a
phase. The higher amount of deep and fine ductile dimples in fracture surface of the

TiTa specimen also represents higher ductility of the TiTa alloy.

In addition, the mechanical properties of TiTa obtained from SLM is compared to the
alloy with same composition obtained by arc melting in previous works conducted by

Zhou et al. [181, 182], and the mechanical properties are summarized in Table 17.
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Table 17 Comparison of properties of titanium-tantalum alloy obtained by SLM and arc melting

Method Phase present Young’s modulus Ultimate tensile strength Yield strength Elongation
(GPa) (MPa) (MPa) (%)
SLM (n=5) B 75.77 £ 4.04 924.64 £ 9.06 882.77 £19.60 11.72 £1.13
Arc melting [181, 182] o’ 88 530 375 25
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TiTa alloy obtained from SLM is able to achieve a higher strength to modulus ratio
compared to arc melting. This is due to the rapid solidification and cooling that occurs
during the SLM process which retained the B phase. The rapid solidification and

cooling also result in smaller grains in microstructure which leads to higher strengths.

5.4 — Summary

The capability of SLM to fabricate TiTa alloy was demonstrated for the first time in
this chapter. Tantalum was selected as a potential alloying element based on its
capability to stabilize the [ phase in the TiTa alloy as well as lowering the Young’s
modulus. A lower Young’s modulus is desirable to reduce stress shielding in
biomedical implants. Based on specific applications, the alloy content can be altered to
reduce the tantalum particles content or heat treatment can be done to induce the

required microstructures and mechanical properties.

The key findings include:

1) TiTa alloy could be fabricated successfully using SLM, demonstrating the
SLM capability to process powder mixtures of different materials apart from

pre-alloyed powders.

2) TiTa alloy processed by SLM was shown to consist only of B phase due to

tantalum stabilizing effect of the phase after rapid solidification.

3) TiTa part showed a combination of high strength and lower Young’s modulus

as compared to cpTi and Ti6Al4V parts.

88



Chapter 6 Statistical Modelling of SLM

Chapter 6 — Statistical Modelling of Selective
Laser Melting of Cellular Lattice
Structures

The design freedom from selective laser melting (SLM) comes with associated
complexity. The modelling of the process is complicated as the physical phenomena
occur over a broad range of length and time scales. Three-dimensional (3D) computer
simulations, such as to understand the relationship between processing parameters and
the thermal behaviour of the material as it is melted by the laser can be quite expensive
to run, even on high performance computer systems. This is especially true if they
include various aspects of the physics underlying SLM. Exploring the design space
using experiments can also be challenging as there are a large number of parameters,
as mentioned in previous chapters, which influence the process and thus the final
quality of the part. Statistical modelling allows an inexpensive method in analysing the
key factors in influencing the parts quality and mechanical properties. The use of
design of experiments (DOE) techniques such as the regression analysis and statistical
analysis using the analysis of variance (ANOVA), have been shown to be useful
approaches to study the effect of many parameters in material processing applications

[183].
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6.1 — Forming Mechanisms of Lattice Structures Using Selective
Laser Melting

Various studies have been conducted in the fabrication of cellular lattice structures
using SLM. This process has shown great potential in this area. Yan et al. evaluated
the manufacturability and performance of SLM produced periodic cellular lattice
structures. The lattice structures are designed using gyroid consisting of circular struts
and a spherical core as repeating unit. The effect of unit cell size on the
manufacturability, density and compression properties of the manufactured structures
was investigated [3, 34]. Van Bael et al. evaluated the controllability of porous
Ti6AI4V structures fabrication by comparing the fabricated parts to the design. Using
pore size, strut thickness, porosity, surface area and structure volume, the SLM
robustness is evaluated [130]. Lin et al. investigated the radiographic characteristics
and mechanical properties of a topologically optimized Ti6AlI4V lumbar interbody

fusion cage made by SLM [50].

SLM is a layer-by-layer additive manufacturing process, hence, the struts formation in
different directions undergo different mechanisms. For the horizontal struts, they are
formed by single or multiple continuous melt tracks, depending on the strut
dimensions. For the vertical struts, they are formed by direct stacking of single or
multiple melt pools across multiple layers. For struts inclined at an angle, for example,
diagonal struts, they are formed by stacking of single or multiple melt pools across
multiple layers that are offset from each other. The offset depends on the incline angle

of the struts.
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The various strut forming mechanisms are shown in Figure 35.
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Figure 35 Forming mechanisms for (a) horizontal struts in xy-plane (b) vertical and diagonal struts in
yz-plane
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Despite the studies conducted, there is limited information on the effect of processing
parameters of SLM on the quality and mechanical properties of cellular lattice

structures, which this chapter will address.

6.2 — Design of Cellular Lattice Structures

The cellular lattice structures used in this chapter are specially designed in order to
study the effect of processing parameters on the quality and mechanical properties of
these structures. The unit cell designed consists of vertical, horizontal and diagonal
square struts of 0.08 mm sides which corresponds to the spot size of the laser in the
SLM 250 HL (SLM Solutions Group AG). Vertical, horizontal and diagonal struts are

chosen to investigate the different building direction capabilities of SLM.

The dimensions of the repeating unit cell are 1 mm by 1 mm by 1 mm. The generated
CAD diagram is shown in Figure 36. The overall dimensions of the lattice structures
are 10 mm by 10 mm by 10.5 mm, allowance is given in the height to allow for
erosion of materials from electrical discharge wire cutting of the samples from the

substrate plate.

10.5 mm

1mm

10mm
10mm

Figure 36 CAD file of cellular lattice structures used for characterisation
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6.3 — Design of Experiment for Regression Analysis

Regression analysis is used to determine the value of coefficients of the function that
cause the function to best fit a set of observed data [184]. There are mainly two types
of regression techniques, namely linear and non-linear regression. This method is
employed to develop empirical model for predicting output parameters under a set of
controlled experimental factors. Regression analysis optimization process involves

three major steps [185]:

1. Performing the statistically designed experiments
2. Estimating the coefficients in a mathematical model

3. Predicting the response and examining the adequacy of the model

The significant variables, laser power, laser scanning speed and layer thickness, were
chosen as the critical variables designated as P, S and L, respectively. The values of P,
S and L were selected within the obtained energy density, as described in previous

chapters.

The factors and their three levels for the 32 factorial design are listed in Table 18.

Table 18 Factors for regression analysis

Values
Factor
(-1) () 1)
P Laser power (W) 120 240 360
S Laser scanning speed (mm/s) 400 800 1200
L Layer thickness (mm) 0.030 0.050 0.100
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In order to evaluate the SLM key factors and their effects on the strut dimensions,
porosity and mechanical properties of cellular lattice structures, a polynomial equation

[183, 186] is expressed as follows:

Yy = Qg + Z a;x; + Z aiixl-z + 22 aijxl-xj + € (7)

i<j

where y is the response or dependent variable investigated (strut dimensions, porosity,
yield strength and elastic modulus), a; is a correction constant coefficient, ai, aii and aijj
are coefficients for linear, quadratic and interaction effect, xi; and x; is the independent
variables (laser power, scanning speed and layer thickness) and ¢ is the random error.
The polynomial equation assumes that third order interactions of the independent
variables are insignificant. ANOVA is carried out on the derived empirical formulae to
evaluate the significance of the formulae. ANOVA uses a test statistics called the F
statistic to test the null hypotheses. From the F distribution table, with probability of
5 %, if the F value of the formula is lower than critical value, the formula is then
concluded to be significant in relating the inputs and output. The p value is the
probability that the derived empirical formula is not significant where R? is a

measurement of the fit of the data from 0 to 1 with 1 being the perfect fit.
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6.4 — Results and Discussions

6.4.1 — Metrological Characterisation
The as-fabricated samples replicate the shape of the CAD files designed for this
experiment, as shown in Figure 37. The samples show that the designed CAD model

can be fabricated successfully using SLM.

10 mm

Figure 37 SLM fabricated lattice structure

The built samples (n = 27, N = 3) have average length of 10.01 £ 0.27 mm, average
width of 10.01 £ 0.27 mm and average height of 9.85 + 0.35 mm. The results showed
that the SLM process have high accuracy (shown by the average values which are
close to the designed value) and high precision (shown by the small standard
deviations). However, the individual samples may deviate slightly from the designed
value because the different set of processing parameters used which will results in

different melt pool size.
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Figure 38 shows the OM images of the as-fabricated samples. Sample measurements
of strut dimensions were also marked in red in the figure. It is observed that the struts
of the lattice structures are solid, connected and continuous, indicating good melting of
the powder during the SLM process. The variation between the strut designs in CAD
and the actual struts may be due to the laser power fluctuations inherent during the

SLM process and the different powder particle sizes.

Figure 38 OM images of fully formed struts in lattice structures (a) xy-plane (b) yz-plane

The actual strut dimensions of the lattice structures for layer thickness 0.03 mm, 0.05
mm and 0.10 mm are tabulated in Figure 39, where Hr is the strut dimension of
horizontal strut in xy-plane (perpendicular to build direction, along scanning direction),
Hs is the strut dimension of horizontal strut in yz-plane (along build direction,
perpendicular to scanning direction), V is the vertical strut dimension and D is the

diagonal strut dimension.

96



Chapter 6 Statistical Modelling of SLM

1.00 1.00
0.90 0.90
0.80 0.80
Eo. E
H 0.70 E_ 070
=
g o0 £ 0.60
- =
§ o050 5 0.50
E E ]
g 0.40 % 0.40
% 930 “ 0.30
0.20 0.20
0.10 0.10
5 (mm/s) 200 400 200 1200 5 (mm/s) 1200 00 | soo [ 1200 400 800 1200
P(W) 120 240 360 P(w) 240 360
L [mm) 0.03 mm L {mm) 0.05 mm
(a) (b)
1.00
0.90
0.80
Eo.
H 0.70
-
$ 0.50 )
g MH, ®WH, WV ®ED
2 0.40
.E_, 1
“ 030 .
0.20 B : d
smmfps) | a00 | so0 | 1200 a0 | =00 1200 400 800 1200
P(W) 120 240 360
L fmm) 0.10 mm

(c)

Figure 39 Actual strut dimensions for (a) layer thickness = 0.030 mm (b) layer thickness = 0.050 mm (c) layer thickness = 0.100 mm
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The raw data is tabulated in Appendix B — Raw Data. A design limit of 0.920 mm,
corresponding to the designed pore size, is set as the arbitrary value for struts that are
formed across the whole designed pore and 0.000 mm is set as the arbitrary value if

the struts are not formed continuously. Examples of these are shown in Figure 40.

Figure 40 OM images of lattice struts (a) formed across the whole pore (b) not formed continuously

The experimental strut dimensions are all found to be larger than the designed values
of 0.080 mm. The larger experimental strut dimensions compared to the designed
value can be attributed to the following reasons. Firstly, the CAD is sliced and scanned
using the designed scan strategy which results in strut formations due to a single line
scan alone the powder bed. The melt pool formed may have width and depth that are

larger than the designed strut dimensions of 0.080 mm.
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The forming of the melt pool and melt pool dimensions are shown in Figure 41.

Melt pool width |

Melt pool depth

Preceding melt tracks Melt pool - = Melt pool

Preceding layers or substrate plate
(a) (b)

Figure 41 (a) Melt pool formation (b) melt pool dimensions

Secondly, the scan results in partially melted metal particles bonded onto the struts, in
addition to continuous struts formation. This leads to powder adhesion on the struts.

The forming mechanism of powder adhesions onto the struts is illustrated in Figure 42.

Fully formed strut

Powder particles i

Laser

SLM

Melt pool
*——— Powder adhesion

Fully formed strut

Figure 42 Powder adhesions on struts

The results obtained agree with some of the findings made when porous metal
structures were manufactured by SLM. Yan et al. also found the strut sizes of the SLM

manufactured gyroid lattice structures were higher than the designed value [34]. Van
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Bael et al. evaluated the Ti6Al4V porous structure fabricated by SLM through micro-
CT image analysis and reported an increase in strut size compared to the designed

value as well [130].

From the OM images, it can be observed that there are adhered powder particles on the
struts of the lattice structures. Similar phenomenon has also been observed in the
titanium porous structures fabricated using SLM by Pattanayak et al. [187]. The
presence of these particles on the struts may be due to partial melting phenomenon of
the raw titanium particles on the boundary of the solid struts due to heat transfer from
the melt pool to the surrounding powder bed. These partially melted particles then

adhere to the fully formed struts.

Heat treatment can be carried out to make the partially melted powder particles fuse
and bond with the laser melted struts. However, heat treatment may result in texturing
and thickening of the struts [187]. Due to powder adhesion on the struts of lattice
structures, a different set of parameters may be required for lattice structures
fabrication as compared to bulk parts fabrication by SLM which have larger cross

sections.

Fluctuations in the strut dimensions, even within a single strut, are observed. This is
due to the inherent laser power fluctuation in the SLM machine, even during
continuous scan of a single strut. Furthermore, the powder used has a range of sizes
which will also result in variation in the strut dimensions since there is only a single

scan track per strut.
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Statistical modelling of results

The second-order regression models were obtained for the strut dimensions Hr, Hs, V
and D. Mathematical models developed for this study considered only significant
model terms. From the statistical analysis, insignificant model terms which have
limited influence were removed to make the empirical formulae efficient [186]. The
statistical results of the strut dimensions are tabulated in Appendix C — Regression

Analysis Results and discussed below.

For Hr, the model F value of 8.46 and p-value of 9.72 x 107 indicates that the model is
significant (p < 0.05) [188]. There is only 5 % chance that a model F value could
become this large due to noise. If the p-value of the factor is larger than 0.05, the
factor is not significant in affecting Hr, hence in this case, L is the significant factor.
The second order interactions, L2 and interaction between P and L are significant as
well. The predicted R? (0.82) indicate a good fit of the experimental data to the
developed empirical formula and is in good agreement with the adjusted R? (0.72). The

empirical formula for Hr in terms of the key SLM parameters and their coefficient is:

Hy = —103.54L + 72.83L% — 39.72P.L (8)

For Hs, the model F value of 12.66 and p-value of 6.54 x 10 indicates that the model
is significant (p < 0.05) [188]. There is only 5 % chance that a model F value could
become this large due to noise. If the p-value of the factor is larger than 0.05, the
factor is not significant in affecting Hs, hence in this case, P and L are the significant
factors. The second order interactions, L? and interaction between P and L are
significant as well. The predicted R? (0.87) indicates a good fit of the experimental

data to the developed empirical formula and is in good agreement with the adjusted R?
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(0.80).The empirical formula for Hs in terms of the key SLM parameters and their

coefficient is:

Hg =96.31P — 340.37L + 293.74L%> — 179.44P.L 9)

For V, the model F value of 357.73 and p-value of 1.43 x 107 indicates that the model
is significant (p < 0.05) [188]. There is only 5 % chance that a model F value could
become this large due to noise. If the p-value of the factor is larger than 0.05, the
factor is not significant in affecting V, hence in this case, P and L are the significant
factors. The second order interactions, P2, between P and L and between P and S are
significant as well. The predicted R? (0.99) indicates a good fit of the experimental
data to the developed empirical formula and is in good agreement with the adjusted R?
(0.99). The empirical formula for V in terms of the key SLM parameters and their

coefficient is:

V =937.74 + 367.31P — 17.99L — 367.32P%? + 26.98P.L — 22.83P.S (10)

For D, the model F value of 9.76 and p-value of 3.85 x 10 indicates that the model is
significant (p < 0.05) [188]. There is only 5 % chance that a model F value could
become this large due to noise. If the p-value of the factor is larger than 0.05, the
factor is not significant in affecting D, hence in this case, only P is the significant
factor. The second order interactions, P? is significant as well. The predicted R? (0.83)
indicates a good fit of the experimental data to the developed empirical formula and is
in good agreement with the adjusted R? (0.75). The empirical formula for D in terms of

the key SLM parameters and their coefficient is:

D =863.60 + 282.89P — 350.27P2 (11)
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Based on the empirical formulae obtained from regression analysis, it is observed that
laser power P has the most significant effect on the strut dimensions and it is
interesting to note that scanning speed S only affects the strut dimensions on the yz-
plane which is along the build direction and perpendicular to the laser scanning
direction. Furthermore, layer thickness L has significant effect on both xy-plane which
is parallel to the scanning direction, perpendicular to the build direction and yz-plane.
The derived formula for the four strut dimensions are all different due to the different
forming mechanisms of the struts in different directions and planes as described
previously. Such forming mechanisms results in strut dimensions that are highly
dependent on the melt pool size, such as the melt pool depth and melt pool width.
Despite the 80 um laser spot size, the melt pool formed will have larger depth and
width than the spot size [56, 129, 178, 189, 190], which is the designed strut
dimensions value. A schematic of the forming mechanisms of these struts in the yz/xz-

plane are again shown in Figure 43.

NS

I
—_— T — T — = — — = — T —  — = — —

N

Melt pool

Figure 43 Forming mechanisms of struts in yz/xz-plane
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Sensitivity analysis is a method to rank the significant process parameters in order of
importance and is used to determine the most influential input process parameters with
respect to the outputs. Hence, SLM of lattice structures can be improved by adjusting
the setting of these parameters carefully. Mathematically, sensitivity of an output with
respect to an input factor is the partial derivative of the output with respect to the input
variables [191, 192]. As such, the sensitivity of the strut dimensions to various process
parameters are expressed in Appendix D — Sensitivity of Selective Laser Melting
Parameters. The larger the magnitude of the sensitive of an output with respect to an
input factor, the more significant the effect of the change in input on the output. If the
sensitivity with respect to a certain process parameter is positive, the strut dimensions
will increase with an increase in this process parameter, whereas negative sensitivity

states the opposite [186].
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The sensitivity analysis results are shown in Figure 44 and Figure 45.
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—  Sensitivity with respect to scanning speed

—  Sensitivity with respect to layer thickness

Figure 44 Sensitivity of strut dimensions to SLM process parameters (a) Hr (b) Hs
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Figure 45 Sensitivity of strut dimensions to SLM process parameters (a) V (b) D

It is revealed that the strut dimensions are most sensitive to layer thickness, as
compared to laser power and scanning speed for the horizontal strut. In contrast, the
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strut dimensions of the vertical struts and diagonal struts are most sensitive to laser
power, as compared to layer thickness and scanning speed. These are shown by the

magnitude of the sensitivity in the analysis.

Furthermore, it is also shown that D is only sensitive to laser power and V is highly
sensitive to laser power as compared to layer thickness and scanning speed. The
results imply that for better control of the vertical and diagonal struts dimensions,
there is a need for better control of the laser power, as compared to varying layer

thickness and scanning speed.
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6.4.2 — Mechanical Characterisation

The resulting porosity, elastic constant in compression and yield strength of the as-

fabricated lattice structures are shown in Figure 46, Figure 47 and Figure 48

respectively. The raw data is tabulated in Appendix B — Raw Data. The slope of the

straight-line portion of the stress-strain curve is established to define the elastic

constant and the yield strength is taken as the stress at plastic compressive strain of

0.2 %. The standard deviation in the elastic constant and yield strength may be due to

the varying amount of powder adhesion on the struts, which consequently affects the

compressive properties of the lattice structures.
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Figure 46 Porosity of lattice structures
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Figure 48 Yield strength of lattice structures

Due to the effect of the SLM process parameters, the elastic constant of the lattice

structures (n = 27, N = 3) can range from 1.36 = 0.11 GPa to 6.82 + 0.15 GPa. This

shows that there is a need for careful control of the process parameters during the

fabrication of lattice structures so as to obtain the desired mechanical properties. It
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also shows the versatility of TiTa lattice structures in orthopaedic applications where

bones have wide range of elastic constants [23, 24].

Using the Gibson—-Ashby model [193], the elastic modulus and yield strength at

different porosities can be estimated as follows:

E p\e (12)
= =G (&) = - Ry

Ey £ Po g ’

Y P\ (13)
—=C<—) =Cy(1 — B

Yo ! Po ! "

where E, Ys and p are the theoretical elastic constant, yield strength and density of the
lattice structures, Eo, Yo and po are the elastic constant, yield strength and density of
fully dense material respectively. Py is the porosity of the lattice structures. Cg, Cy, ke
and ky are constants that can be calculated based on the compression test results after
fitting the formulae. The elastic constant and yield strength is taken to be 75.77 + 4.04
GPa and 882.77 £ 19.60 MPa respectively from the fully dense TiTa (n =5). The
fitting of the formulae is shown in Appendix E — Gibson-Ashby Model. The value of

the constants are calculated to be Ce = 0.112, ke = 0.996, Cy = 0.699 and ky = 1.785.
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The experimental values of elastic constant, yield strength and their corresponding

theoretical values based on the Gibson-Ashby model is plotted in Figure 49.
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Figure 49 Theoretical and experimental values of (a) elastic constant (b) yield strength of lattice
structures
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It is observed that the elastic modulus and vyield strength of the as-fabricated lattice
structures decrease with increase in porosity, which is consistent with the prediction
from the Gibson-Ashby model. From Figure 49, it can be seen that there are
differences between experimentally tested and Gibson-Ashby model estimated elastic
modulus and yield strength. The differences between the theoretical and experimental
values may be attributed to the residual stress inherent due the SLM process, waviness
and roughness of the strut surfaces [3]. It can also be due to the disregard of the SLM
process parameters which affects the powder adhesions onto the struts which will
affect the compressive properties of the lattice structures. The model also failed to take
into account the type of failure underwent by the lattice structures. This may be due to
limitation of the model, which is designed for porous structures fabricated using
conventional methods. Furthermore, the Gibson-Ashby model parameter C in the
equation have subsumed all the geometrical information, which includes unit cell type,
size of the repeating unit cell and strut dimensions, for the lattice structures except the
porosity. Hence, these lacks of geometrical information accounted in the model can

results in deviation between the calculated theoretical value and experimental data.
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A typical stress-strain curve of the lattice structures is shown in Figure 50.
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Figure 50 Typical stress-strain curve of lattice structures

It can be observed that the SLM fabricated lattice structures made from the designed
unit cells have an elastic deformation region (region A), followed by a plateau region
in which the stress fluctuates (region B, shown in insert of Figure 50), and finally a
densification region characterized by a rapid stress increase (region C). Buckling
occurs from region B and results in stress fluctuation in this region which is a
characteristic of brittle fracture. The samples underwent permanent deformation and
fracture after the compression. The brittle behaviour is also observed in Ti6AlI4V

cellular structures fabricated by electron beam melting (EBM) [194].

Statistical modelling of results

The second-order regression models were obtained for the porosity, elastic constant
and yield strength of the lattice structures. Mathematical models developed for this
study considered only significant model terms. From the statistical analysis,

insignificant model terms which have limited influence were removed to make the

113



Chapter 6 Statistical Modelling of SLM

empirical formulae efficient [186]. The statistical results are tabulated in Appendix C —

Regression Analysis Results and discussed below.

For porosity, the model F value of 330.09 and p-value of 2.81 x 107 indicates that the
model is significant (p < 0.05) [188]. There is only 5 % chance that a model F value
could become this large due to noise. If the p-value of the factor is larger than 0.05, the
factor is not significant in affecting the porosity, hence in this case, P, S and L are all
significant factors. The second order interactions, P?, S? and between P and L are
significant as well. The predicted R? (0.99) indicate a good fit of the experimental data
to the developed empirical formula and is in good agreement with the adjusted R?
(0.99). The empirical formula for Pr in terms of the key SLM parameters and their

coefficient is:

P. = 53.40 — 17.77P — 5.46S + 4.93L + 3.71P? — 3.3552 — 1.70P.L  (14)

For elastic constant E, the model F value of 32.10 and p-value of 6.20 x 107 indicates
that the model is significant (p < 0.05) [188]. There is only 5 % chance that a model F
value could become this large due to noise. If the p-value of the factor is larger than
0.05, the factor is not significant in affecting E, hence in this case, P, S and L are all
significant factors. The second order interactions, P? is significant as well. The
predicted R? (0.94) indicates a good fit of the experimental data to the developed
empirical formula and is in good agreement with the adjusted R? (0.91). The empirical

formula for E in terms of the key SLM parameters and their coefficient is:

E =4.33 + 1.30P — 0.60S — 0.69L + 0.59P> (15)

For yield strength Ys, the model F value of 100.28 and p-value of 6.04 x 10" indicates

that the model is significant (p < 0.05) [188]. There is only 5 % chance that a model F
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value could become this large due to noise. If the p-value of the factor is larger than
0.05, the factor is not significant in affecting Ys, hence in this case, P, S, and L are all
significant factors. The second order interactions, P2, S2, and the interaction between P
and L, P and S are significant as well. The predicted R? (0.98) indicates a good fit of
the experimental data to the developed empirical formula and is in good agreement
with the adjusted R? (0.97). The empirical formula for Ys in terms of the key SLM

parameters and their coefficient is:

Y, = 165.51 + 101.09P — 59.60S — 41.30L — 17.94P? + 31.745? (16)

— 20.47P.L — 37.45P.S

Based on the empirical formulae obtained from regression analysis, it is observed that
all three key factors, laser power P, scanning speed S and layer thickness L have

significant effect on the mechanical properties of the lattice structures.

Sensitivity analysis is a method to rank the significant process parameters in order of
importance and is used in determining the most influential input process parameters
with respect to the outputs. Hence, the lattice structures mechanical properties can be
controlled by adjusting the setting of these SLM parameters carefully. Mathematically,
sensitivity of an output with respect to an input factor is the partial derivative of the
output with respect to the input variables [191, 192]. As such, the sensitivity of the
mechanical properties is expressed in Appendix D — Sensitivity of Selective Laser
Melting Parameters. The larger the magnitude of the sensitive of an output with
respect to an input factor, the more significant the effect of the change in input on the
output. If the sensitivity with respect to a certain process parameter is positive, the
mechanical properties will increase with an increase in this process parameter,

whereas negative sensitivity states the opposite [186].
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The sensitivity analysis results are shown in Figure 51.
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Figure 51 Sensitivity of mechanical properties to SLM process parameters (a) porosity (b) elastic

constant (c) yield strength

It is revealed that the porosity and elastic constant are most sensitive to laser power,
as compared to layer thickness and scanning speed. However, an increase in laser
power will lead to a decrease in porosity and an increase in elastic constant. This is in
agreement with the findings from the Gibson-Ashby model which states that the
porosity and elastic constant has an inverse relationship. For yield strength, it is both
sensitive to laser power and scanning speed to almost the same extent, with it being

least sensitive to layer thickness.

116



Chapter 6 Statistical Modelling of SLM

6.5 — Summary

This chapter provides a better understanding of the SLM process parameters that have

significant effects on the fabrication of lattice structures. SLM process parameters

have been found to have a significant effect on the dimensional accuracy and

mechanical properties of the fabricated lattice structures.

Based on the statistical modelling, the following key findings can be summarised:

1)

2)

3)

4)

5)

The regression analysis method can be used to analyse the effect of SLM
process parameters on the strut dimensions and mechanical properties of the

lattice structures fabricated quantitatively.

By careful manipulation of the process parameters, dimensional accuracy of
the lattice structures can be improved. It can also lead to better control of the

resulting mechanical properties.

The experimental strut dimensions are found to be larger than the designed
value, as shown in Figure 39. This can be attributed to the lower limit of melt

pool size during SLM.

The horizontal strut dimensions are most sensitive to layer thickness. In
contrast, the vertical and diagonal strut dimensions are most sensitive to laser

power. This is shown in Figure 44 and Figure 45.

The mechanical properties of SLM fabricated lattice structures are all

dependent on laser power, scanning speed and layer thickness. However, the
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porosity and elastic constant are most sensitive to laser power, as compared to

layer thickness and scanning speed. This is shown in Figure 51.

118



Chapter 7 Characterisation of Lattice Structures

Chapter 7 — Characterisation of Titanium-
Tantalum Lattice Structures
Fabricated Using  Selective
Laser Melting

As selective laser melting (SLM) produced titanium-tantalum (TiTa) is new, little is
known about the biological response of this material. In this chapter, porous lattice
structures is characterised mechanically and biologically. The dimension accuracy of
the structures is also investigated using their strut dimensions. The experimental strut
dimensions are compared to the computer design aided (CAD) model values. All
results are benchmarked against the more established cpTi and Ti6Al4V produced

using the same method.
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7.1 — Design of Cellular Lattice Structures

The cellular lattice structures used in this chapter is specially designed based on
literature review [7, 44, 102, 140]. The unit cell is a cross with square strut of 0.285
mm. The dimensions of the repeating unit cell were 1 mm by 1 mm by 1 mm as
shown in Figure 52. The SLM capability in building horizontal and vertical struts has
been demonstrated in the previous chapter. The materials used in this study are the in-

house developed TiTa, cpTi and Ti6AI4V.

0285 ™"

1mm

Figure 52 Repeating unit cell used in CAD
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7.2 — Metrological Characterisation

The generated CAD model is shown in Figure 36. The overall dimension of the lattice
structures is 10 mm by 10 mm by 10.5 mm, allowance is given in the height to allow
for erosion of materials from electrical discharge wire cutting of the samples from the

substrate plate.

10.5 mm

v

‘k‘
10 mm

Figure 53 CAD file of cellular lattice structures used for characterisation

The porosity of the samples is obtained using Equation 6. In this study, pteoretical IS

taken to be 7.10 g/cm®, 4.43 g/cm® and 4.51 g/cm® for TiTa, Ti6AI4V and cpTi

respectively.

121



Chapter 7 Characterisation of Lattice Structures

The as-fabricated samples replicate the shapes of the CAD files designed for this
experiment, as shown in Figure 37. The samples show that the designed CAD model

can be fabricated successfully using SLM for TiTa, cpTi and Ti6Al4V.

10 mm

Figure 54 SLM fabricated lattice structure

Sample measurements of strut dimensions are marked in red in Figure 55. It is
observed that the struts of the lattice structures are solid, connected and continuous,
indicating good powder melting during the SLM process. The variation between the
strut designs in CAD and the actual struts may be due to the laser power fluctuations

during the SLM process.
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Figure 55 OM images of fully formed struts in lattice structures (a) xy-plane (b) yz-plane

The strut dimensions of the lattice structures are tabulated in Table 19 and shown in

Figure 56 where Hr is the strut dimension of horizontal strut in xy-plane

(perpendicular to build direction, along scanning direction), Hs is the strut dimension

of horizontal strut in yz-plane (along build direction, perpendicular to scanning

direction) and V is the vertical strut dimension.

Table 19 Strut dimensions of TiTa, cpTi and Ti6AI4V lattice structures

Materials Strut dimensions (mm), n =10
Ht Hs \%
Designed value 0.285
TiTa 0.359 + 0.09 0.454 +0.073  0.502 +0.021
cpTi 0.356 + 0.08 0.429+0.045  0.486 +0.042
Ti6Al4V 0.357 £ 0.08 0.473+0.069  0.389 +0.034
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The experimental strut diameters are found to be larger than the designed values of
0.285 mm. The larger experimental strut diameters compared to the designed value
can be attributed to the following reasons. Firstly, the CAD is sliced and scanned using
the designed scan strategy with a contour scanning. The contour scan results in
partially melted metal particles bonded onto the struts, instead of forming the
continuous struts. Secondly, the melt pool size of the laser scan exceeded the
boundaries of a strut as the laser spot size of 80 um is smaller than the designed values
which results in melt pool exceeding the designed strut boundaries. This finding is in

agreement with the findings discussed in previous chapters.

0.6 1

W cpTi MTi6AI4V TiTa

e
w

o
=N
P B

Designed value
=0.285mm

Strut dimensions (mm)
o o
N w

o
=
1

HT HS V
Strut dimensions

Figure 56 Strut dimensions of TiTa, cpTi and Ti6Al4V lattice structures (n = 10)

From Figure 56 and ANOVA, it can be seen that there is no significant difference in
the strut dimensions Hr and Hs, between the three materials as the SLM process
parameters used in fabrication is constant throughout. However, there is a significant
difference between V for the three materials. Using Tukey-Kramer test, V for cpTi and
Ti6Al4V, Ti6Al4V and TiTa is found to have significant difference. There is no

significant difference between V for cpTi and TiTa. This can be due to the lack of
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support structures and melted materials around the struts which lead to lower thermal
conductivity due to neighbouring powder. This leads to lower solidification rates as
heat is conducted away slower from the melt pool. Lower solidification rate increases
instability of the melt pools. As the struts used to measure V are formed by the
stacking of melt pools, in contrast to the other strut dimensions, it will be more
dependent on the surrounding thermal conductivity. As a results, the difference in
thermal conductivity of the three materials have significant effects on V only. The

ANOVA results are tabulated in Appendix F — One-Way Analysis of Variance Results.

This implies that the dimensional accuracy of the scaffolds are more dependent on the
SLM process parameters then the material properties. It is also observed that the strut
dimensions along the build direction (V) have larger variation as compared to the strut
dimensions parallel to the scanning direction (Ht). This means that the SLM process
for lattice structures are difficult to control along the build direction, which may be
due to a lack of support structures used in fabrication of the lattice structures. The
insignificant difference between the strut dimensions for the TiTa, cpTi and Ti6Al4V
lattice structures also lead to similar porosity of the lattice structures, as tabulated in

Table 20.

Table 20 Compressive properties of SLM produced TiTa, Ti6Al4V and cpTi samples (n = 5)

Material Porosity (%) Elastic constant (GPa)  Yield strength (MPa)

TiTa 59.79 + 0.68 4.57 +0.09 151.93 +8.47
Ti6AI4V 63.20 = 0.55 5.47+0.73 181.14 £ 15.05
cpTi 59.86 + 0.59 4.29 +0.15 121.20 + 3.67
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7.3 — Mechanical Characterisation

The resulting elastic constant in compression and yield strength of the as-fabricated
lattice structures are shown in Table 20. The slope of the straight-line portion of the
stress-strain curve is established to define the elastic constant and the yield strength is
taken as the stress at plastic compressive strain of 0.2 %. The standard deviation in the
elastic constant and yield strength may be due to the varying amount of powder
adhesion on the struts which in turn, affects the compressive properties of the lattice

structures.

The elastic constant of SLM produced TiTa lattice structures is lower compared to
Ti6Al4V and is comparable to cpTi. The slightly higher TiTa elastic constant can be
attributed to the presence of unmelted tantalum in the materials, resulting in resistance
to the dislocation of the grains during compression. This results in stiffer material. The
effect due to the presence of unmelted tantalum is more dominant in compression
compared to tension where a lower modulus is obtained from TiTa compared to cpTi,
as reported in Chapter 4. Nonetheless, TiTa still has the advantage of higher modulus
to strength ratio as compared to cpTi in compression. In addition, TiTa also exhibit
lower Young’s modulus and higher strength compared to cpTi under tension. These
make TiTa a more suitable material for use as porous and load bearing structures for
biomedical applications where implants undergo both compression and tension. The

results also coincide with the conclusions drawn in previous chapters.
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7.4 — Biocompatibility of Titanium-Tantalum

For the biocompatibility test, the overall dimensions of the lattice structures used are

10 mm in diameter and 2 mm in height. The generated CAD model and the as-

fabricated SLM sample are shown in Figure 57.

2 mm

v

A

(a)

Figure 57 Scaffolds for cell biocompatibility test

Cell viability is assessed using dsDNA picogreen assay. The results are shown in

Figure 58.

M cpTi HTi6d B TiTa

Relative cell number

Day 1 Day 3 Day 7

Figure 58 Relative cell number on cpTi, Ti6Al4V and TiTa scaffolds
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dsDNA measurements show an increasing trend for all three materials (n = 5) as
shown by the red dotted line in Figure 58. After 7 days of in vitro culture, the SAOS-2
cells are found to be viable and proliferating on all the scaffolds. On day 1, 3 and 7,
the relative cell number on the scaffolds of the three materials are similar. Using
ANOVA, it is statistically determined that there is no significant difference between
the results for all three materials on all the 3 time points. The ANOVA results are
tabulated in Appendix F — One-Way Analysis of Variance Results. The slight
difference in results can be attributed to the slight difference in porosity of the
scaffolds due to the SLM process. The higher porosity allows more cell growth into
the samples along the struts and better nutrient delivery and waste removal for cells
that have migrated into the scaffolds [141, 195]. This factor becomes more critical as

the number of days of in vitro testing increases.

7.5 — Summary
This chapter shows that porous TiTa scaffolds fabricated using SLM are
biocompatible. When benchmarked with cpTi and Ti6Al4V, the TiTa scaffolds show

comparable biological results and manufacturability using SLM.

Based on the results, the key findings can be summarised:

1) TiTa shows greater manufacturability using SLM when compared to pre-
alloyed Ti6Al4V. This is shown by the higher dimensional accuracy obtained
from TiTa lattice structures. It also produced scaffolds that have comparable

dimensional accuracy compared to cpTi and the designed CAD.

2) TiTa scaffolds showed high strength and lower elastic constant as compared to

cpTiand Ti6AI4V.
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3) TiTa scaffolds showed similar biological response as cpTi and Ti6Al4V,

making it a potential novel biocompatible material for biomedical applications.
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Chapter 8 — Conclusions and Future Work

This chapter summarises all the work carried out for the completion of this thesis.

Feasible future work is also proposed. Lastly, published works by the author are listed.

8.1 — Conclusions

The formation of titanium-tantalum (TiTa) alloy using selective laser melting (SLM)
for the first time is explored. Secondly, the microstructural and mechanical
investigations are presented. Thirdly, the feasibility of TiTa scaffold fabrication using
SLM is studied. Lastly, the biocompatibility of SLM fabricated scaffolds in vitro is

summarised.
The key contributions of the research are elaborated in the following sections.

8.1.1 — Formation of Bulk Titanium-Tantalum Using Selective Laser Melting
In order to develop a novel biomaterial, formation of TiTa by SLM is shown for the

first time in this study.

Optimised Processing Parameters for Titanium-Tantalum

Work conducted on SLM is predominantly on pre-alloyed powder. In this study, the
SLM capability in processing mixed powder is shown. The results have shown that
SLM is capable in producing TiTa alloy with high density in a single step that was
previously difficult to achieve. A processing window of SLM parameters (Table 14) is
obtained for this in-house developed alloy with a set of optimised parameters

identified using macrostructural analysis.
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Characterised Microstructure of Titanium-Tantalum Formed By Selective Laser

Melting

Microstructural analysis showed that the resulting TiTa alloy consist of B phase due to
the stabilizing effect of B phase as a result of having tantalum as one of the alloying

components and rapid solidification during SLM process.

Improved mechanical properties of titanium-tantalum formed by selective laser

melting

The tensile test on bulk samples conducted concluded that TiTa showed a combination
of high strength and lower Young’s modulus compared to cpTi and Ti6Al4V parts
produced using SLM. The SLM TiTa has Young’s modulus of 75.77 + 4.04 GPa,
ultimate tensile strength of 924.64 + 9.06 MPa and yield strength of 882.77 + 19.60

MPa, shown in Table 15.

8.1.2 — Formation of Lattice Structures Using Selective Laser Melting
In order to study the feasibility of using SLM to process TiTa for biomedical

application, the new alloy is used to fabricate scaffolds by SLM.

Novel statistical modelling of selective laser melting for lattice structure fabrication

Through statistical modelling, it is found that key SLM processing parameters, such as
laser power, scanning speed and layer thickness, have significant effect on the
dimensional accuracy and mechanical properties of the produced lattice structures. The
strut dimensions of SLM fabricated lattice structures are found to be more sensitive to
both laser power and layer thickness, as compared to laser scanning speed. Due to
their effects on the strut dimensions, the mechanical properties of SLM fabricated

lattice structures are all dependent on laser power, scanning speed and layer thickness.
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Improved manufacturability of titanium-tantalum lattice structure

TiTa shows greater manufacturability for lattice structure using SLM when compared
to pre-alloyed Ti6Al4V. It also produced scaffolds that have comparable dimensional
accuracy compared to cpTi. Likewise for the scaffolds, TiTa showed lower elastic
constant as compared to Ti6Al4V scaffolds of the same design. However, the elastic
constant of TiTa scaffolds are slightly higher than cpTi, due to the presence of
unmelted tantalum. Nonetheless, TiTa scaffolds still have a higher strength to elastic
constant ratio compared to cpTi. In addition, TiTa scaffolds also showed similar in

vitro biological response as cpTi and Ti6AI4V.

The favourable results summarised above make TiTa a potential novel biocompatible

material for future applications.
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8.2 — Future Work

The following future research directions are recommended:

8.2.1 — Development of Titanium-Tantalum Using Selective Laser Melting

In this study, an alloying ratio of 50 wt% of tantalum to titanium is studied. For future
work, lower alloying ratio of tantalum can be studied using SLM which may results in
more favourable mechanical and biological response. Post-processing heat treatments

can also be studied for TiTa.

8.2.2 — Thermal Modelling of Selective Laser Melting

Current statistical modelling of fabrication of lattice structures using SLM has
identified the key processing parameters in affecting the properties of the lattice
structures. A possible extension to the study can include thermal modelling of thin
struts or the whole three-dimensional (3D) lattice structures to confirm the effects. The
thermal modelling can then be verified using the experimental results obtained in this
study.

8.2.3 — In Vitro and In Vivo Biocompatibility Tests for Scaffolds Fabricated by

Selective Laser Melting

In vitro experiments in a static environment have been carried out in this project.
Further biological response can be obtained using apatite forming ability test,
live/dead viability cytotoxicity test and measuring the alkaline phosphatase activity.
Dynamic environment can also be used as the behaviour of seeded cells on scaffolds is

expected to be different in static and dynamic environment.

Histological studies can be carried to investigate the path taken by the cells in vitro to

go into the depth of the scaffolds. In vivo tests in animal models can then be carried
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out with histological type works which will be useful in studying the cells and tissues

attachment to the scaffold.

8.3 — List of Publications

The author has generated a number of publications throughout the course of this

research. The publications include eight international peer reviewed journal papers, Six

international conference papers and one technology disclosure.
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3)
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S. L. Sing, W. Y. Yeong, F. E. Wiria & B. Y. Tay (2016), Characterization
of Titanium Lattice Structures Fabricated by Selective Laser Melting using
an Adapted Compressive Test Method, Experimental Mechanics 56(5), pp

735—748

S. L. Sing, W. Y. Yeong & F. E. Wiria (2016), Selective laser melting of
titanium alloy with 50 wt% tantalum: Microstructure and mechanical

properties, Journal of Alloys and Compounds 660, pp 461 — 470

S. L. Sing, J. An, W. Y. Yeong & F. E. Wiria (2016), Laser and electron-
beam powder-bed additive manufacturing of metallic implants: A review on
processes, materials and designs, Journal of Orthopaedic Research 34(3),
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C.Y.Yap, C. K. Chua, Z. L. Dong, Z. H. Liu, D. Q. Zhang, L. E. Loh & S.
L. Sing (2015), Review of Selective Laser Melting: Materials and
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300
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Appendix A

Appendix A — Optical Microscopy Images of
Defects in Titanium-Tantalum
Parts

This appendix contains the optical microscopy (OM) images of the defects in titanium-
tantalum (TiTa) samples during parameter optimisation for the selective laser melting
(SLM) process in Chapter 3. Unfavourable defects may occur in the parts due to
localised irregularities such as balling, cracks, delamination and residual stress. These

defects will lead to undesirable effects on the relative density of the SLM parts.

Balling is the droplet or fragmentation formation from the melt pool due to capillary

instability.

Cracks in SLM parts can be classified into microscopic and macroscopic cracks. The
microscopic cracks are using formed during rapid solidification due to liquid film
interruption at grain boundaries due to tensile stress. Macroscopic cracks are formed

due to the low ductility of the material and stress induced crack propagation.

Delamination can result from insufficient energy input during the SLM process which

results in incomplete fusion between the layers.
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Appendix B

Appendix B — Raw Data

This appendix contains the raw data for statistical modelling in Chapter 5.

Legend

Hy strut dimension of horizontal strut in xy-plane
Hs strut dimension of horizontal strut in yz-plane
Vv vertical strut dimension

D diagonal strut dimension
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Appendix B

Layer thickness

Laser power

Scanning speed

Actual dimensions (mm)

(mm) (W) (mm/s) Ht Hs \% D
400 0.152 +0.028 0.229 + 0.053 0.195 + 0.030 0.210 +£ 0.040
0 800 0.119 + 0.030 0.200 £ 0.052 0.248 £ 0.041 0.248 £ 0.037
1200 0.136 £ 0.031 0.178 £ 0.052 0.228 £ 0.016 0.261 +£0.014
400 0.262 + 0.064 0.920 + 0.000 0.920 + 0.000 0.920 + 0.000
0.030 0 800 0.124 +0.033 0.920 + 0.000 0.920 + 0.000 0.920 + 0.000
1200 0.187 £ 0.050 0.920 + 0.000 0.920 + 0.000 0.920 + 0.000
400 0.429 £ 0.076 0.920 + 0.000 0.920 + 0.000 0.920 + 0.000
0 800 0.246 + 0.062 0.920 + 0.000 0.920 + 0.000 0.920 + 0.000
1200 0.209 £+ 0.045 0.920 + 0.000 0.920 + 0.000 0.920 + 0.000
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Appendix B

Layer thickness

Laser power

Scanning speed

Actual dimensions (mm)

(mm) (W) (mm/s) Ht Hs \% D
400 0.157 £ 0.070 0.206 + 0.049 0.191 £ 0.031 0.230 £ 0.016
20 800 0.120 £ 0.027 0.214 + 0.044 0.200 £ 0.019 0.230 £ 0.022
1200 0.000 + 0.000 0.000 £ 0.000 0.258 + 0.047 0.253 £ 0.023
400 0.000 + 0.000 0.000 £ 0.000 0.920 + 0.000 0.436 + 0.040
0.050 0 800 0.000 + 0.000 0.000 + 0.000 0.920 + 0.000 0.920 + 0.000
1200 0.000 + 0.000 0.000 + 0.000 0.920 + 0.000 0.920 + 0.000
400 0.000 + 0.000 0.000 + 0.000 0.920 + 0.000 0.920 + 0.000
0 800 0.000 + 0.000 0.000 + 0.000 0.920 + 0.000 0.920 + 0.000
1200 0.000 + 0.000 0.000 + 0.000 0.920 + 0.000 0.920 + 0.000
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Layer thickness

Laser power

Scanning speed

Actual dimensions (mm)

(mm) (W) (mm/s) Ht Hs \% D
400 0.000 + 0.000 0.000 £ 0.000 0.000 + 0.000 0.256 + 0.043
0 800 0.000 + 0.000 0.000 £ 0.000 0.174 £ 0.038 0.214 £ 0.015
1200 0.000 + 0.000 0.000 £ 0.000 0.174 £0.019 0.195+0.021
400 0.000 + 0.000 0.000 £ 0.000 0.920 + 0.000 0.920 + 0.000
0.100 0 800 0.000 + 0.000 0.000 + 0.000 0.920 + 0.000 0.920 + 0.000
1200 0.000 + 0.000 0.000 + 0.000 0.920 + 0.000 0.920 + 0.000
400 0.000 + 0.000 0.000 + 0.000 0.920 + 0.000 0.920 + 0.000
0 800 0.000 + 0.000 0.000 + 0.000 0.920 + 0.000 0.325 £ 0.039
1200 0.000 + 0.000 0.000 + 0.000 0.920 + 0.000 0.425 + 0.058
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Layer thickness

Laser power

Scanning speed

Porosity (%) Elastic constant (GPa) Yield strength (MPa)
(mm) (W) (mm/s)
400 63.02 £ 1.45 3.92 £ 0.47 118.21 £ 15.89
20 800 71.52 +£0.38 3.27+£0.49 80.84 £5.82
1200 73.13+£0.17 2.53+0.63 65.06 £ 0.76
400 3747 +£1.74 4.61+0.25 330.70 = 15.67
0.030 0 800 50.39 £ 0.90 5.11+0.12 187.22 £ 9.55
1200 49.01 £1.43 4.54 +0.89 171.73+£8.38
400 24.38 +£1.90 6.82 £0.15 426.84 +19.62
0 800 30.92+2.42 5.86 £0.13 289.99 +4.33
1200 36.42 +£1.55 5.41+0.18 255.80 £ 7.29
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Layer thickness

Laser power

Scanning speed

Porosity (%) Elastic constant (GPa) Yield strength (MPa)
(mm) (W) (mm/s)
400 67.79 £ 0.30 2.99 £ 0.06 81.67+1.70
20 800 74.38 £ 0.45 2.45+0.13 57.04 £ 0.99
1200 76.42 £ 0.10 2.10+£0.17 53.19+1.21
400 44.11 +1.00 5.57+0.28 247.53 +16.77
0.050 0 800 55.18 £ 0.60 4.45+0.77 158.04 £ 2.91
1200 54.67 £0.78 3.83+0.72 135.42 +2.82
400 31.65 +1.50 5.03+0.21 416.23 + 20.33
0 800 38.18 £ 2.72 4.93 +0.39 231.59 +16.95
1200 40.36 + 2.66 4.42 +0.37 191.72 £ 18.6
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Layer thickness

Laser power

Scanning speed

Porosity (%) Elastic constant (GPa) Yield strength (MPa)
(mm) (W) (mm/s)
400 68.83 £ 0.11 2.24 +£0.16 65.84 + 1.60
20 800 77.45+0.29 1.53 £ 0.65 43.17£2.01
1200 78.86 £ 0.07 1.36 £0.11 31.93+3.79
400 48.09 +1.20 4,96 +0.31 213.65+19.11
0.100 0 800 59.26 + 0.34 3.62+0.24 131.50 £ 2.63
1200 60.92 + 0.40 2.68 +0.54 92.47 +14.17
400 35.88 +£2.40 5.27+0.79 29152 +1.57
0 800 44,12 +1.99 4.31+0.90 190.74 £ 4.44
1200 50.60 £ 0.98 3.72+0.17 122.16 £ 29.37
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Appendix C

Appendix C — Regression Analysis Results
This appendix contains the raw numerical results from regression analysis for Chapter

5.
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H~ (strut dimension of horizontal strut in xy-plane)

Factors Coefficient Standard error t statistic p-value Lower limit Upper limit
Intercept 3.50 30.40 0.12 0.91 -60.64 67.64
L -103.54 14.07 -7.36 1.12 x 10°® -133.23 -73.85
P 11.12 14.07 0.79 0.44 -18.57 40.81
S -26.03 14.07 -1.85 0.08 -55.72 3.66
L2 72.83 24.37 2.99 8.26 x 107 21.41 124.25
P2 23.35 24.37 0.96 0.35 -28.07 74.78
s? 17.46 24.37 0.72 0.48 -33.96 68.89
P.L -39.72 17.23 -2.30 0.03 -76.08 -3.35
S.L 25.99 17.23 1.51 0.15 -10.37 62.35
P.S -3.97 17.23 -0.23 0.82 -40.33 32.40

R2 = 0.81, Adjusted R? = 0.72
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Hs (strut dimension of horizontal strut in yz-plane)

Factors Coefficient Standard error t statistic p-value Lower limit Upper limit
Intercept 118.76 85.64 1.39 0.18 -61.92 299.45
L -340.37 39.64 -8.59 1.38 x 10”7 -424.02 -256.73
P 96.31 39.64 2.43 0.03 12.67 179.95
S -14.32 39.64 -0.36 0.72 -97.97 69.31
L2 293.74 68.66 4.28 5.09 x 10 148.87 438.61
p? -96.31 68.66 -1.40 0.18 -241.18 48.56
S? -11.89 68.66 -0.17 0.86 -156.76 132.98
P.L -179.44 48.55 -3.70 1.79 x 10’3 -281.88 -77.00
S.L 4.32 48.55 0.09 0.93 -98/12 106.76
P.S 21.49 48.55 0.44 0.66 -80.95 123.93

R? = 0.87, Adjusted R? = 0.80
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V (vertical strut dimension)

Factors Coefficient Standard error t statistic p-value Lower limit Upper limit
Intercept 937.74 16.22 57.82 5.84 x 10! 903.52 971.96
L -17.99 7.51 -2.40 0.03 -33.83 -2.14
P 367.31 7.51 48.92 9.84 x 1020 351.47 383.16
S 15.22 751 2.03 0.06 -0.61 31.06
L2 -15.57 13.00 -1.20 0.25 -43.00 11.87
P2 -367.32 13.00 -28.25 9.98 x 1016 -394.75 -339.88
§ -11.04 13.00 -0.85 0.41 -38.47 16.40
P.L 26.98 9.20 2.93 9.27 x 1073 7.58 46.38
S.L 11.71 9.20 1.27 0.22 -7.69 31.11
P.S -22.83 9.20 -2.48 0.02 -42.23 -3.43

R2 = 0.99, Adjusted R? = 0.99
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D (diagonal strut dimension)

Factors Coefficient Standard error t statistic p-value Lower limit Upper limit
Intercept 863.60 84.04 10.28 1.04 x 108 686.29 1040.92
L -63.50 38.90 -1.63 0.12 -145.58 18.58
P 282.89 38.90 7.27 1.31x 10°® 200.81 364.97
S 0.16 38.90 4.10 x 10 1.00 -81.92 82.24
L2 -9.00 67.38 -0.13 0.90 -151.16 133.17
P2 -350.27 67.38 -5.20 7.25x 107 -492.44 -208.11
§ 13.00 67.38 0.19 0.85 -129.16 155.17
P.L -86.42 47.65 -1.81 0.09 -186.95 14.11
S.L -50.46 47.65 -1.05 0.30 -150.98 50.07
P.S -42.47 47.65 -0.89 0.39 -143.00 58.06

R? = 0.84, Adjusted R? = 0.75
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Porosity (%0)
Factors Coefficient Standard error t statistic p-value Lower limit Upper limit
Intercept 53.37 0.77 69.07 2.88 x 102 51.77 55.03
L 4.93 0.36 13.78 1.19 x 10710 4.17 5.68
P -17.77 0.36 -49.66 7.64 x 1020 -18.53 -17.02
S 5.46 0.36 15.24 2.40 x 101! 4.70 6.21
L2 -0.23 0.62 -0.38 0.71 -1.54 1.07
P2 3.71 0.62 5.98 1.49 x 10° 2.40 5.01
§ -3.35 0.62 -5.40 4.82 x 10° -4.65 -2.04
P.L 1.70 0.44 3.88 1.20 x 10’3 0.78 2.63
S.L 0.24 0.44 0.55 0.59 -0.68 1.17
P.S 0.64 0.44 1.46 0.16 -0.28 1.57

R2 = 0.99, Adjusted R? = 0.99
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Appendix C

Elastic constant (GPa)

Factors Coefficient Standard error t statistic p-value Lower limit Upper limit
Intercept 4.33 0.21 20.91 1.44 x 1013 3.89 4.77
L -0.69 0.10 -7.16 1.59 x 10°® -0.89 -0.48
P 1.30 0.10 13.55 1.54 x 10710 1.10 1.50
S -0.60 0.10 -6.29 8.14 x 10 -0.80 -0.40
L2 -0.01 0.17 0.08 0.94 -0.34 0.36
p? -0.59 0.17 -3.54 2.54 x 10°® -0.94 -0.24
S? 0.05 0.17 0.30 0.76 -0.30 0.40
P.L -0.02 0.12 -0.15 0.89 -0.26 0.23
S.L -0.15 0.12 -1.31 0.21 -0.40 0.09
P.S -0.04 0.12 -0.30 0.77 -0.28 0.21

R? = 0.94, Adjusted R? =0.91
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Appendix C

Yield strength (MPa)

Factors Coefficient Standard error t statistic p-value Lower limit Upper limit
Intercept 165.51 9.42 17.58 2.44 x 1012 145.65 185.38
L -41.30 4.36 -9.47 3.39x 108 -50.50 -32.10
P 101.09 4.36 23.19 2.63 x 101 91.89 110.29
S -59.60 4.36 -13.67 1.34 x 10710 -68.79 -50.40
L2 -1.07 7.55 -0.26 0.80 -17.90 13.96
P2 -17.94 7.55 -2.38 2.95 x 10 -33.873 -2.01
S? 31.74 7.55 -4.20 5.96 x 10 15.82 47.67
P.L -20.42 5.34 -3.82 1.36 x 1073 -31.68 -9.16
S.L 4.89 5.34 0.92 0.37 -6.36 16.16
P.S -37.45 5.34 -7.01 2.08 x 10°° -48.71 -26.18

R? = 0.98, Adjusted R? = 0.97
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Appendix D

Appendix D - Sensitivity of Selective Laser
Melting Parameters

This appendix contains the empirical formulae for the sensitivity of strut dimensions,

porosity, elastic constant and yield strength to laser power, laser scanning speed and

layer thickness for Chapter 5.

Factor Sensitivity with respect to Equation
Laser power Mr _ 39721
op 7
Hrt Scanning speed Oty =0
as
. dH;
Layer thickness 5L - —103.54 + 145.66L — 39.72P
0H;
Laser power = = 96.31 — 179.44L
Hs Scanning speed OHs =0
as
. dHj
Layer thickness oL " —340.37 + 587.48L — 179.44P
av
Laser power 3P = 367.31 — 734.64P + 26.98L — 22.83S
. av
\Y Scanning speed rri —22.83P
. av
Layer thickness L - —17.99 + 26.98P
aD
Laser power P - 282.89 — 700.54P
. aD
D Scanning speed — =0
gsp 35
Layer thickness Z—lL) =0
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Appendix D

Sensitivity with respect

Factor Equation
to
dP.
Laser power = = —17.77 + 7.42P — 1.70L
. 0P,
Py Scanning speed 35 = —5.46 — 6.70S
: ap,
Layer thickness 5L " 493 — 1.70P
0H;
Laser power 2p = 300.76 — 601.52P
E Scanning speed 9k = —0.60
as
Layer thickness %k _ —0.69
JL
Y,
Laser power P = 101.09 — 35.88P — 20.47L — 37.45s
. aY,
Ys Scanning speed 35 —59.60 + 63.48S — 37.45P
. aY,
Layer thickness 5L —41.30 — 20.47P
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Appendix E

Appendix E — Gibson-Ashby Model

This appendix contains the steps for fitting and derivation of the constants for Gibson-

Ashby model for Chapter 6.

From Gibson-Ashby model,

E p \FE
E-aft)
Ey E Po
Y. ky
S _ Cy (ﬁ)
Yo Po

Taking logarithm on both sides,

oz
og EO

Y.
log (—S) = kylog (ﬁ) + logCy
Yo Po

kg log (ﬁ) + log Cg
Po

Fitting is done and the following fitted graphs and values of the constants are obtained

Cp =0.112
ky = 0.996
Cy = 0.699
ky = 1.785
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Appendix F

Appendix F — One-Way Analysis of Variance
Results

This appendix contains the raw numerical results from one-way analysis of variance

(ANOVA) for Chapter 6.
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Appendix F

H~ (strut dimension of horizontal strut in xy-plane)

Material Mean Variance Sum of Squares Standard Error Lower limit Upper limit
cpTi 355.67 73.67 1031.33 2.22 350.90 360.44
Ti6Al4V 356.53 64.41 901.73 2.22 351.76 361.30
TiTa 358.93 84.64 1184.93 2.22 354.16 363.70
Hr (ANOVA)
Sources Sum of Squares  Degree of freedom  Mean Square F p-value F critical
Within groups 85.91 2 42.96 0.58 0.57 3.22
Between groups 3118 42 74.24
Total 3203.91 44 72.82
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Appendix F

Hs (strut dimension of horizontal strut in yz-plane)

Material Mean Variance Sum of Squares Standard Error Lower limit Upper limit

cpTi 429.13 2138.55 29939.73 16.90 392.90 465.37
Ti6Al4V 472.93 5036.50 70510.93 16.90 436.69 509.17

TiTa 454.33 5672.10 79409.33 16.90 418.09 490.57

Hs (ANOVA)
Sources Sum of Squares  Degree of freedom  Mean Square F p-value F critical
Within groups 14497.2 2 7248.60 1.69 0.20 3.22
Between groups 179860 42 4282.38
Total 194357.2 44 4417.21
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V (vertical strut dimension)

Material Mean Variance Sum of Squares Standard Error Lower limit Upper limit

cpTi 485.87 1863.27 26085.73 8.92 466.73 505.00
Ti6Al4V 379.80 1224.6 17144.40 8.92 360.67 398/93

TiTa 501.73 493.21 6904.93 8.92 482.60 520.87

V (ANOVA)
Sources Sum of Squares  Degree of freedom  Mean Square F p-value F critical
Within groups 131848.10 2 65924.07 55.23 1.75 x 1012 3.22
Between groups 50135.07 42 1193.69
Total 181983.20 44 4135.98
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Appendix F

Relative Cell Number during Cell Culture (Day 1)

Material Mean Variance Sum of Squares Standard Error Lower limit Upper limit
cpTi 1.00 1.78 x 1072 3.56 x 1072 7.45 x 107 0.68 1.32
Ti6Al4V 1.13 2.68 x 1072 5.37 x 1072 7.45 x 10 0.81 1.45
TiTa 1.06 5.38 x 107 1.08 x 1072 7.45 x 10 0.74 1.38
Day 1 (ANOVA)
Sources Sum of Squares  Degree of freedom  Mean Square F p-value F critical
Within groups 2.52 x 107 2 1.26 x 1072 0.78 0.51 5.14
Between groups 0.1 6 1.67 x 1072
Total 0.13 8 1.57 x 1072
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Appendix F

Relative Cell Number during Cell Culture (Day 3)

Material Mean Variance Sum of Squares Standard Error Lower limit Upper limit
cpTi 3.15 2.92 x 1072 5.84 x 1072 0.19 2.33 3.97
Ti6Al4V 2.97 0.19 0.39 0.19 2.15 3.79
TiTa 2.47 0.11 0.21 0.19 1.65 3.29
Day 3 (ANOVA)
Sources Sum of Squares  Degree of freedom  Mean Square F p-value F critical
Within groups 0.75 2 0.37 3.43 0.10 5.14
Between groups 0.65 6 0.11
Total 1.40 8 0.18
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Appendix F

Relative Cell Number during Cell Culture (Day 7)

Material Mean Variance Sum of Squares Standard Error Lower limit Upper limit

cpTi 8.60 1.39 2.79 0.54 6.26 10.94

Ti6Al4V 9.04 0.52 1.03 0.54 6.70 11.38

TiTa 9.23 0.75 151 0.54 6.89 11.57

Day 7 (ANOVA)
Sources Sum of Squares  Degree of freedom  Mean Square F p-value F critical

Within groups 0.62 2 0.31 0.35 0.72 5.14
Between groups 5.32 6 0.89
Total 5.94 8 0.74
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