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Abstract

To accelerate bone regeneration, porous scaffolds in orthopaedics should have a stiffness less
than the bone being replaced, due to the mechanobiology of bone, whilst maintaining maximum
yield and fatigue strength to combat implant failure. This PhD explored optimising additively

manufactured (AM) porous structures for application as bone ingrowth scaffolds.

The effect laser parameters and laser scanning strategies have on the strut thickness, yield
strength, and fatigue strength of porous structures was investigated. The yield and fatigue
strength of a porous structure for a given stiffness could be increased up to 10%, mostly due to
changes in internal porosity and microstructure. Optimisation of laser power was material

specific, whilst scan strategy optimisation was material independent.

Porous structures were manufactured from various biocompatible metals. Trends observed
during fatigue testing for monolithic metals and statically for solid and porous AM structures
were not always indicative of the fatigue behaviour of porous AM structures. Unlike their solid
counterparts and as porous structures, tantalum and a titanium-tantalum alloy outperformed

titanium grade 23 and commercially pure titanium in fatigue-strength:stiffness.

In vivo testing of a heterogeneous porous scaffold, intended to maintain mechanical
homeostasis in the medial femoral condyle of ewes, was performed. Bone ingrowth into the
scaffold was 10.73+£2.97% after 6 weeks. Fine woven bone, in the interior of the scaffold, and
intense formations of developed woven bone overlaid with lamellar bone at the implant

periphery were observed.

This research will allow manufacturers, particularly in orthopaedics, to improve their additive
manufacturing processes to build stronger porous structures that last longer. The irn vivo portion
of this study and the emphasis on understanding the mechanical environment implants are in,
should allow for more accurate testing of the mechanobiology of bone in response to implanted

porous scaffolds and for better translation from in vivo studies to commercial implants.
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1 Chapter 1 — Introduction

Additive manufactured (AM) architectured porous structures are now viable choices
for the engineer in a variety of fields [1-4]. In orthopaedics, implants have traditionally been
machined, forged or cast solid pieces of metal, that are orders of magnitude stiffer than natural
bone [5]. These implants, can now be composed of low stiffness architectured porous structures
produced by AM [6], from established biocompatible metals like Titanium, Cobalt Chrome,
and Tantalum [7-9]. Orthopaedic devices therefore now have the potential to match the
stiffness of cancellous bone throughout the skeleton which may enable new and better
treatment options in the management of osteoarthritis and other bone pathologies, particularly
for early intervention in young patients. Bone repair and regeneration can be driven by strain
response with respect to load, i.e. the more strain, bone experiences due to loading the greater
the increase is in bone volume [10-12]. Thus, to accelerate bone regeneration, a porous scaffold
or porous coating on an implant should have a stiffness less than the bone that is being replaced,
to induce more strain at the defect site [13]. However, maximising strength (unless otherwise
stated strength refers to compressive yield strength hereafter) of additively manufactured
porous metals at low stiffness remains a challenge, particularly in applications under high
cyclic loads [14-16]. Optimisation of the manufacturing process and selection of the base
material provides opportunities to maximize the static and fatigue strength of AM porous

structures.
The overriding research questions for this thesis are:

e How do the manufacturing parameters in powder bed fusion affect the mechanical and
material (microstructure, morphologic and geometric) properties of porous structures?

e What materials should these porous structures be made from for low stiffness — high
strength applications (such as for bone in-growth surfaces)?

e Can a pragmatic approach be developed for in vivo testing of porous structures taking

into account the mechanobiology of bone and its local variations?

1.1 Introduction

Additive manufacturing (AM), the process of fabricating objects layer by layer from
3D computer models, provides new avenues for fabricating net-shaped parts and assemblies,
with complex geometries that traditional manufacturing technologies are unable to produce.
Developments in AM processes, along with innovations in advanced materials has seen AM

move from rapid prototyping to rapid manufacturing and small-scale production over the past
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30 years. Metal additive manufacturing, and its ability to produce functional parts is of great
interest to both industry and the scientific community. The AM process of interest in this
research is powder bed fusion and works by a laser selectively melting micro metal powder
particles in a layer-wise fashion to build a component. As a tool-free and potentially cost-
efficient digital approach to manufacturing, AM of metals offers many key benefits that could
change the industrial paradigm in sectors such as aerospace, automotive, energy, medical,
tooling and consumer goods [17]. Most importantly, in the case of this thesis, it affords the
creation of complex 3D geometries, such as architectured porous structures, that are not

possible to achieve with other traditional processes.

Architectured porous structures have become an area of high commercial interest and
research activity particularly as AM allows the fabrication of these materials with a degree of
control and at a scale not previously possible. Porous structures, also known as lattices, foams
or cellular materials, are a new, currently imperfectly characterized, class of materials [18].
They are found both in nature as well as in numerous engineering applications, possessing
unique properties compared to their solid material counterparts. Porous structures exhibit low
density and therefore low mass along with high specific strength and stiffness, surface area,
acoustic absorption as well as high gas permeability. Thus, they are well suited as lightweight
structures with high stiffness-to-weight-ratios, as well as having outstanding kinetic energy
absorption characteristics and exceptional heat transfer capabilities. Applications include
mechanical damping, vibration control, acoustic absorption, thermal management, filters,

electrical screening and many more [19]. They are also particularly relevant in orthopaedics.

In orthopaedics, joint degeneration due to osteoarthritis, fractures or other bone diseases
are challenging issues for the regeneration ability of the body. If the defect or issue cannot be
handled by the body's healing process alone, it requires therapeutic intervention, often a metal
implant or joint replacement. Porous structures provide numerous advantages in the treatment
of these pathologies. Their porous nature provides a framework for bone in-growth which is
useful for the fixation of the implant to the surrounding bone, as stable fixation is a prerequisite
to long term implant success [20, 21]. They also provide a framework for the body’s
regeneration ability to bridge large bone defects. In addition, the porosity of the structure allows
the effective modulus of the implant to be reduced. Thus, not only can stress-shielding be
avoided (i.e. the stiffness mismatch between bone and solid monolithic metals which can cause
bone resorption), the mechanobiology of bone can be taken advantage of to promote greater

bone in-growth and regeneration [10-12, 18, 19, 22]. Whilst these materials have already had

2
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commercial success, there remains scope for improvement and to understand how best to

manufacture these structures.

1.2 Motivation

Despite the numerous applications of porous AM structures and the significant
commercial and academic interest, there remains hurdles that need to be overcome before their
widespread adoption. The primary applications in orthopaedics for porous structures are as
porous coatings on joint replacements for bone ingrowth to ensure good fixation, stability and
to avoid stress-shielding; as bone regeneration scaffolds to repair large segmental defects and
as early intervention implants for local chondral defects. Ensuring that these porous structures
can be of a stiffness similar to or less than the bone being replaced, in order to maximise bone
regeneration, whilst still maintaining maximum yield and fatigue strength is of paramount
importance and a challenge. These types of structures are under harsh cyclic loading
environments and to ensure implant longevity and patient satisfaction, they must last as long

as possible.

As AM can now produce functional parts, greater emphasis in both industry and in
research is placed on performance and mechanical properties. This has consequently resulted
in an increase in research into the underlying mechanics of the AM process. The main challenge
facing the continued adoption of AM by industries is the uncertainty in structural properties of
the fabricated parts. This uncertainty arises due to AM parts possessing microstructural
heterogeneities and randomly dispersed defects. During manufacture, metallic AM parts
experience a complex thermal history involving directional heat extraction, and repeated
melting and rapid solidification. This contributes to microstructural evolution and properties
not typically found in conventional processes. As the laser parameters (laser power, laser speed,
layer thickness, etc.) and scanning strategies used during fabrication affect the thermal history
(i.e. melt-pool temperature, thermal gradient, cooling rate, cyclic reheating) of the part [23],
they consequently affect microstructural details (grain size/morphology, texture, defect
type/size/distribution and residual stress, etc.) and therefore the mechanical behaviour [24].
Whilst research has been conducted on the effect of laser parameters and scan strategies on the
material and mechanical properties of solid AM parts, their effects on porous structures have
been under reported. In addition, there are also inconsistencies and issues with the mechanical

testing of porous structures in literature.
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Furthermore, it has been reported that the fatigue behaviour of AM porous structures is
different from that of bulk materials and the relationships normally used for the fatigue design
of continuous materials are not applicable when designing AM porous structures [25]. It
therefore remains to be seen whether the rationale for use behind common orthopaedic
biomaterials still stands and whether new alloys can be manufactured that are more fit for
purpose. For engineers looking to maximize the yield and fatigue strength for a given stiffness
of AM porous structures, there are hurdles still to overcome. Most studies have limited or no
samples tested in the higher cycle fatigue region (10° or higher cycles) and these studies also
tend to present mechanical properties with respect to relative density or cycles-to-failure and
not with respect to stiffness [9, 26, 27]. Extracting and comparing stiffness data from these
works can prove difficult due to issues and inconsistencies in the mechanical testing.
Optimising the AM processing parameters and selecting the correct material to build porous

structures will result in better, stronger and longer lasting implants for patients.

Another motivation for this work is that, solid 3D modelling of porous structures can
become prohibitively computationally expensive. As the physical size of the model of the
porous structure grows too large and/or the feature sizes grow too small, modern CAD
packages struggle with the number of faces, features or surfaces present. To overcome this
software packages are now available that model complex porous structures not as 3D solids or

surfaces but rather as line — based or graph representations (Figure 1.1).

Line-Based Representation 3D Solid Model

Figure 1.1 — Line vs 3D representation of porous architectures

This type of representation of porous structures creates new opportunities in terms of laser
scanning strategies and laser parameter control particularly for micro features. Therefore, in

order for line — based representations of porous structures to be adopted, the relationships
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between laser parameters and scan strategy to strut thickness must be understood, including

any effects due to build angle or material.

Finally, it is often stated that one of the requirements for bone in-growth into a porous
scaffold or into a porous coating of an orthopaedic implant is that it should match the
mechanical properties of the surrounding bone tissue [14, 28]. However, typically in in vivo
testing of porous structures the mechanical properties of the bone being replaced are not
quantified. Similarly, the mechanical properties of the patient’s bone are unknown prior to
surgery. Bone properties also vary significantly with age, anatomical site, bone quality [5, 14]
and between animals, yet most research into porous scaffolds and porous commercial implants
have ignored this variation. It is therefore difficult to compare in-growth results between
studies and to translate in vivo animal testing to human subjects. Also, in in vivo testing of
porous scaffolds in literature and in commercial porous scaffolds, the structure of the porous
structure is generally homogenous. These scaffolds lack local variation in properties and are
consistent regardless of skeletal location or animal used despite bone varying locally at the
joint, globally through-out the skeleton and between species. Historically, in vivo testing of
porous structures for bone in-growth has focused on morphological features, typically pore size
and porosity, and have ignored the mechanobiological features of bone remodelling and the
mechanical environment. As a result there are inconsistencies in the literature regarding
‘optimum’ pore size and porosity for bone ingrowth. Without understanding the mechanical
properties of the tissue being replaced and the loading environment, it is difficult to make

determinations regarding pore size and porosity for scaffolds.

Quantifying the mechanical environment a porous scaffold will be placed in and
exploring how the mechanical properties of a scaffold will affect the quantity of bone in-
growth, will ultimately lead to a better understanding of the mechanobiology of bone, will
reduce ambiguity in the field regarding ideal characteristics of porous structures, will allow for
comparisons to be made between in vivo studies and ultimately a better translation of these
structures into commercial implants. Coupled with a more in-depth characterisation of how
AM processing parameters and materials affect static and long term fatigue strength of porous
structures should result in a more widespread adoption of porous structures and consequently

better implants and patient outcomes.
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1.3 Aims and Objectives

The aim of this research is to improve architectured porous structures produced by
powder bed fusion for applications where bone ingrowth and regeneration is necessary such as
in joint replacements, scaffolds and early intervention chondral implants. The focus will be on
maximising the static and long term dynamic mechanical performance of these structures by
altering the processing parameters and the materials used to manufacture them. As stated
earlier, the mechanical environment, mechanical properties nor the mechanobiology of bone
are often not properly characterised and considered during in vivo studies and during individual
surgical operations. Therefore, another objective of this study is to develop a clinically
applicable and pragmatic approach to the design and manufacture of a porous scaffold intended
to invoke a desired mechanobiological response from bone and to analyse its performance in
vivo in an animal model. This type of approach could lead to being able to produce site/joint-
specific porous structures tuned to the local bone characteristics. As well as patient specific or
cohort specific implants, for example implants that either, take advantage of the higher healing
capacity of younger active patients and provide very low stiffness porous implants that
accelerate bone regeneration or consider the poorer bone quality of older patients and provide

more load bearing and durable implants.

1.4 Structure

The structure of this PhD is as follows:

e Chapter 1 — Introduction
o An introduction to the study and the motivation behind the work. The aims and
objectives of the study are presented as well as the structure of the thesis
e Chapter 2 — Background
o The background chapter will cover the fundamental topics to understand the
work presented and review relevant literature in the field. The clinical
background for this work will be presented as well as and introduction into the
characteristics of bone, bone remodelling and the requirements for
osseointegration or bone ingrowth into porous structures. An introduction to
powder bed fusion and important characteristics and phenomena behind its
working will be given. Followed by an overview of research into porous
structures, focusing on the role of manufacturing parameters and common
biomaterials used as bone implants or scaffolds.

e Chapter 3 — Materials and Methods
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The materials and methods in this research are presented. This will cover the

design of all specimens and the testing and analysis procedures.

e Chapter 4 — Influence of Laser Parameters and Scanning Strategies on the

Mechanical and Material Properties of Porous structures

(@]

This chapter begins with an investigation into the relationship between laser
parameters and scanning strategies on strut thickness and explores minimum
feature sizes and build angles.

This will be followed by an investigation into the influence laser parameters and
scanning strategies have on the mechanical performance of a stochastic porous
structure, both quasi-statically and in long term fatigue life. The focus is on
maximizing the strength:stiffness and the fatigue-strength:stiffness of porous

structures, in the stiffness range of trabecular bone.

e Chapter S — Influence of Material on the Static and High Cycle Fatigue Strength

of a Stochastic Porous structure

(@]

The mechanical properties of stochastic porous structures manufactured from
common biomaterials (CP-Ti, Ti64 and Ta) are characterised, looking to
maximise the quasi-static and high cycle fatigue strength with respect to
stiffness of the structures. It will be seen if their mechanical behaviour as porous
structures follows the same trends as their monolithic solid counter parts.

A novel AM titanium-tantalum alloy will be developed and its mechanical

performance characterised and compared to the other biomaterials investigated.

e Chapter 6 — The design and in vivo testing of a stiffness matched porous scaffold

o

o

The final study of this research looks to develop a pragmatic and clinically
applicable approach to produce heterogeneous porous scaffolds or features for
bone in-growth with a tailored strain or stiffness gradient that match the
heterogeneity of the bone to be replaced.

In vivo testing in an ovine model of a locally-stiffness matched scaffold (i.e. is
intended to maintain mechanical homeostasis) will be performed. The
mechanical properties of trabecular bone in the medial condyle of the femur of
skeletally mature ewes will be characterised and consequently a scaffold will be
produced with local variations in stiffness equivalent to the bone it will be
replacing. The newly formed bone in the scaffold will be quantified and

analysed after 6 weeks in vivo.
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Chapter 7 — Conclusions and Future Work
o Conclusions and summary of all the work in this study, as well as avenues for

future work are presented in Chapter 7.

This thesis represents work from two published research articles (reproduced under the terms

of the Creative Commons Attribution License (CC BY)) and 2 research articles currently under

review. The following is a breakdown of these papers into the respective chapters and sections:
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2 Chapter 2 — Background

This chapter details the clinical relevance and application of this work along with a brief
introduction into the mechanobiology of bone and bone ingrowth into porous scaffolds. An
overview of how the powder bed fusion additive manufacturing process works and how
processing parameters affect material properties will be provided. Theory regarding the
behaviour of porous structures will be presented as well as a literature review regarding
research into AM porous structures, focusing on how build or processing parameters affect
mechanical strength. Finally, common orthopaedic biomaterials will be discussed, including

research into low stiffness biocompatible metals.

2.1 Clinical Background

The volume of orthopaedic reconstruction procedures to combat osteoarthritis,
inflammatory arthritis, metabolic bone disease and other musculoskeletal disorders have
increased dramatically, resulting in high demand on the advancement of bone implant
technology [1, 2]. Moreover, because of a prolonged life expectancy and an aging world
population, there is a rapid increase in musculoskeletal pathologies such as fractures, low back
pain, scoliosis, osteoporosis, bone infection or tumours, congenital defects and oral and
maxillofacial pathologies, as well as theumatic diseases like osteoarthritis. Large bone defects
caused by severe fracture, tumour or infection are a challenging issue for the regeneration
ability of the body. If the defect exceeds a critical size, bone regeneration cannot be handled
by the body's healing process alone and requires supportive therapeutic intervention like
autografts, allografts or a synthetic scaffold [3, 4]. Similarly, in the treatment of osteoarthritis
of a joint, which is degeneration of cartilage and underlying bone, typically caused by injury,
obesity, wear and tear, either a partial or full replacement of the joint by an implant is required.
Joint replacements typically involve replacing the articulating surfaces of the joint by metal or
ceramic materials, and sometimes with an additional bearing material (polyethylene) acting as
the cartilage. Porous metals offer significant benefits in the treatment of these pathologies, due

to the mechanisms of bone regeneration and adaptation.

2.1.1 Characteristics of Bone and Bone Remodelling
Bone is a complex three-dimensional porous composite structure with a highly
organised internal architecture (Figure 2.1). It serves two critical mechanical functions,

providing a rigid skeletal framework to support and protect the internal organs and body tissues
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and forming a system of rigid levers that can be moved by forces from the attaching muscles.

[3, 6]
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Figure 2.1 — Hierarchical structural organization of bone. Image reproduced with permission
of the rights holder, Elsevier. [7]

An important function of trabecular or cancellous bone in human joints is to distribute the large
contact stresses applied at the articular surfaces to the compact bone of the cortical shafts.
Indeed, the trajectorial theory of bone architecture, states that the trabeculae are organised
along the lines of principal stresses [8]; with the structure and strength of trabecular bone being
a function of these stresses. Trabecular bone also possess very specific viscoelastic and
anisotropic characteristics, both in morphology and mechanical properties. The unique
mechanical performance of bone is characterised by high toughness, high specific strength, low

stiffness and arguably most importantly, its ability to heal, i.e. bone remodelling and adaptation

[9].

In 1892, Julius Wolff (a German scientist and anatomist) published his law on bone
remodelling [5]. Although ‘“Wolff’s law’’ was originally formulated in a strict mathematical
sense that has since been discredited, the more general concept of ‘‘bone functional
adaptation’’ to mechanical loading is supported by much experimental and observational data
[10]. Bone continually undergoes dynamic biological remodelling, the coupled process
whereby osteoclasts (bone-resorbing cells) remove mature or damaged bone tissue followed
by osteoblasts (bone-forming cells) that generate new bone to maintain healthy homeostasis of
bone [11, 12]. This unique feature of bone underpins its ability to remodel itself to repair

damage, reducing the risk of fracture, whilst being able to adapt to its mechanical environment
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[13]. Bone, therefore adapts to mechanical stimulus by apposition under high loading and by
resorption under disuse (or less than habitual loading [14]).
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Figure 2.2 — Hypothesis on the relationship between bone strain history rate and the net rate

of bone volume change. Image reproduced with permission of the rights holder, Springer
Nature. [15]

It is likely that osteocytes (bone cells) respond to bone tissue strain by recruiting
osteoclasts to sites where bone remodelling is required [16, 17]. Indeed, there are both theories
(e.g. Wolff’s Law, Perren’s strain theory, Frost’s “mechanostat” etc. [ 18]) and experiments that
corroborate the effect of mechanical loads and strain on bone adaptation (Figure 2.2) [13, 19].
Adaptation and remodelling is hypothesised to optimise the stiffness and strength of bones,
while minimising the metabolic cost of maintenance, ensuring that animal skeletons are
continuously adjusted to control strain [13]. It must be noted that bone remodelling is a
complex biological process not only dependent on functional (mechanical) requirements but

also genetic, hormonal, metabolic and age-related factors as well (Figure 2.3).
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Figure 2.3 — A mechanical model of bone remodelling. Image reproduced with permission of
the rights holder, John Wiley and Sons. [13]

2.1.2 Mechanical Properties of Bone and Stress-Shielding

Bone adaption and remodelling is one of the reasons why the mechanical properties and
structure of bone vary both locally at joints and globally between joints. For humans, the
modulus of cortical bone can vary between ~7 — 30 GPa whilst the modulus of trabecular bone
varies between ~0.05 — 0.5 GPa [20]. The properties of bone not only vary between species
and anatomical site but also due to age, sex, nutrition, activity level, bone health and diseases
[1, 7, 8]. There is much published literature on the variation of modulus and strength of
trabecular bone with anatomic site [21, 22], as well as how properties vary locally at joints [§].
An example of the modulus of trabecular bone varying locally is seen in Figure 2.4 for the

proximal tibia.

16



(oo
M {@EEEEEEE
@O @)
@BOOE

LEVEL 3

Chapter 2

O

EE@EDE
L M @@@@@%

LEVEL 4
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tibia of humans. Image reproduced with permission of the rights holder, Elsevier. [8]

The mechanical properties of bone are typically quantified by compression testing. The

compressive stress-strain curve for cancellous bone is similar to those of a cellular solid or

porous structure (Figure 2.5). There is an initial linear elastic portion, a plateau of almost

constant stress (high energy absorption) and a final increasing steep region (densification).
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Figure 2.5 — Stress-Strain Curves for human cancellous bone. As relative density increases
modulus and compressive strength increases and the strain at which densification occurs
decreases. Low density cancellous bone is pictured inset. Image reproduced with permission

of the rights holder, Elsevier. [23]
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Gibson [23] published the fundamentals on behaviour of cellular materials, including
trabecular bone, to mechanical loading. A power relationship between modulus and strength to
the relative density of the material is described in these works. This will be discussed in more
detail in section 2.2.3. A number of researchers have validated this experimentally and have
shown the relationship between bone’s mechanical properties to its mass, bone/apparent
density, ash density, area fraction and Computed Tomography (CT) grayscale values [6, 23].
Figure 2.6 displays data from a variety of researchers who have tested an array of bone from
different species as well as different cellular structures (open versus closed) and it is observed

that both modulus and compressive strength are related to bone density by a power law.
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The order-of-magnitude(s) differences between the modulus of solid metal implants (~110 GPa
for Titanium [24] and 210 GPa for Cobalt-Chrome [25]) and bone can result in localised
reduction in bone density (osteopenia). This is due to a diversion of loads and thus strains from
the bone to the implant. This is known as stress-shielding, which is a common cause of clinical
failure of orthopaedic implants [26]. This unfavourable and altered stress distribution in the
bone will cause some localised areas of bone to see a reduction in loading and strain. As there
is no stimulus for continued remodelling required to maintain bone mass [27], this can lead to
bone resorption (Figure 2.7) [7, 28]. Ultimately, this can result in aseptic loosening of the

implant or fracture of the bone around the implant (peri-prosthetic fracture) [29].

Figure 2.7 — Progression of bone resorption (from left to right) due to stress shielding in the

proximal tibia. Reproduced under Creative Commons Attribution-Non Commercial-No
Derivatives License (CC BY NC ND). [30]

/

2.1.3 Clinical Applications of Porous Metals

Porous metals allow the effective modulus of the implant to closer match that of the
bone it will be replacing whilst still maintaining mechanical competence. They also provide an
interconnected structure, which allows bone tissue to grow deep into the implant to form a
strong bone-implant interface and thus in addition to reducing stress-shielding have
applications in repair of massive bone defects and fixation of cementless joint replacements.

The three most common applications of porous metals in orthopaedics are:

e Repairing large segmental bone defects
e Reducing stress shielding

e Fixation of cementless joint replacements

In repairing large bone defects, autografts remain the gold standard, however donor site
morbidity and limited supply are major concerns. Allografts and xenografts on the other hand

may raise concerns in pathogen transmission and immunorejection respectively. Despite this,
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more than 1 million bone grafting operations are performed in Europe and the United States
annually, with the market size in the United States projected to exceed 2.2 billion by 2017 [1].
Due to the issues with auto and allografts, the development of synthetic materials for
musculoskeletal tissue engineering is paramount. For large segmental defects within load-
bearing areas, initially stable mechanical implants are indispensable. Porous metal materials
can meet this requirement. These scaffolds offer advantages for numerous reasons: immediate
weight-bearing with support of the osteosynthesis. As well as, long-term stability accompanied
by its biocompatibility and bone ingrowth ability into the open-porous surface whilst
maintaining a stiffness closer to the natural bone compared to a solid monolithic metallic

implant [4].

With respect to joint replacements, in the past operations were commonly performed
primarily on elderly patients, in view of the prosthesis survivorship. With the advances in
surgical techniques and prosthesis technology, younger patients are undergoing surgeries for
both local tissue defects and joint replacements. This patient group is now more active and
functionally more demanding after surgery [5]. Today, implanted prostheses need to be more
durable (load-bearing), they need to better match the patient’s original biomechanics and be
able to survive longer. Whilst both hip and knee replacements (the most common joints
replaced) are well recognised as successful surgical procedures to treat osteoarthritis, implant

failure is still a common problem resulting in revision operations [31].

As stated earlier, stress-shielding is a common cause of implant failure. By introducing
architectured porosity into an implant, the effective modulus of the prosthesis can be

significantly reduced and can better match the native bone (Figure 2.8).

Effects of peri-implant stress shielding =+ Bone resorptions =+ Implant loosening

Pillar octahedral unit

Solid CoCr CoCr CoCr graded
cellular structure cellular structure

Figure 2.8 — Reduction of stress shielding due to tailoring the properties of a porous structure.
Image reproduced with permission of the rights holder, Elsevier. [32]
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For younger patients looking for solutions to local tissue defects, porous metals are able to take
advantage of the healing capacity of a younger population. Traditionally implants can be fixed
to the bone in several ways: by bone cement, by mechanical fixation devices
(screws/interference fits) and by activated surfaces resulting in bone apposition. Stability is
vital to the success and longevity of an implant in vivo and whilst these techniques have all
been clinically successful and are still in practice, the recent trend in orthopaedics has been
towards biological fixation by osseointegration or bone ingrowth [5, 33]. Porous metals,
particularly manufactured by additive manufacturing, allow for an open interconnected
structure to be designed. By taking advantage of the mechanobiology of bone, bone can grow

deep into the structure achieving good long lasting levels of fixation.

2.1.4 Requirements for Bone In-Growth

The physiologic response to a porous implant or coating resembles the healing cascade
of cancellous defects, with the newly formed tissues occupying the void spaces of the porous
structure [34]. This is seen in Figure 2.9, which displays backscattered SEM images of bone
ingrowth into a porous implant (seen as a bright white porous structure), where the thin dark
grey speckles of bone occupy the voids in the implant and the new formed bone bridges the
defect created in the cortical bone. The requirements of porous structures for bone in-growth

in orthopaedics are that they [7, 9, 20, 34, 35]:

e Should be biocompatible/bio-inert

e Have a suitable surface for cell attachment, proliferation and differentiation,

e be porous with an open interconnected pore network for cell ingrowth and
transport of nutrients and metabolic waste

e Have sufficient mechanical strength to avoid failure under load

e Provide a stiffness or strain gradient to encourage bone remodelling throughout
the porous structure

e Have intimate contact with the bone and provide sufficient stability (i.e.

minimum micro-motion between the scaffold and bone)
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Figure 2.9 — Backscattered SEM imaging of bone ingrowth into a transcortical porous
tantalum implant into the femoral diaphysis of skeletally mature mongrel dogs after two
weeks (left) and three weeks (right). Reproduced under Creative Commons Attribution
License (CC-BY-NC 4.0) [36].

Gaps at the bone-implant interface are known to decrease the volume fraction and
extent of bone ingrowth. Although a 2 — 3mm gap may be bridged by bone in unloaded animal
models, the ingrowth of human bone under load is less predictable. Intimate contact between
the porous coating and bone has been shown to increase the amount of bone ingrowth in both
human and animal models [34, 35]. In addition to this the motion between the implant and bone
is vital, studies have shown 50 pm of micro-motion is the maximum to promote healthy bone

ingrowth with ideally micro-motion being as small as possible. [35]

Historically it has been reported that one of the requirements for bone ingrowth into a
porous scaffold or into a porous coating of an orthopaedic implant is that it should match the
mechanical properties of the surrounding bone tissue [1, 4, 7]. However, an increasing volume
of work supports taking advantage of the mechanobiology of bone and that the lower the
stiffness of a porous scaffold is, relative to the bone it is replacing, the more bone ingrowth
occurs [37, 38]. Therefore the challenges are to ensure porous structures retain sufficient
mechanical competence at low stiffness, and to know the properties of the bone being replaced.
However, not only are the mechanical properties of bone difficult to measure, resulting in
variations in reported properties in literature [7, 39], but bone properties also vary between
species, anatomical site and due to age, sex, nutrition, activity level, bone health and diseases
[7,9, 21]. Typically, when porous structures are tested in vivo or implanted during surgery the
mechanical properties of the animal’s or patient’s bone being replaced are unknown and not
quantified. It is therefore difficult to compare ingrowth results between studies and to translate

in vivo animal testing to human subjects.
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Most in vivo testing of porous structures for bone ingrowth has focused on structural
features of the material, typically pore size and porosity. Implants have included solid titanium
plates with holes of increasing diameter [40], porous sintered titanium coatings, hydroxyapatite
scaffolds, conventionally manufactured [36] and additively manufactured [4, 37, 41] porous
metal scaffolds. There has also been a wide array of animal models and implant locations (e.g.
skeletal location, cortical versus trabecular bone) used [7, 9]. Consequently, the differences in
mechanical environments and loading likely contribute to why inconsistencies in the literature
exist regarding the ‘optimal’ scaffold pore size and porosity for bone ingrowth [9]. Some work
has claimed 100 — 400 um size pores to be ideal [34, 35], whereas other studies have found
larger pore sizes of 600 — 1200 um [42, 43] to be preferential for bone ingrowth [7], with some
researchers even finding bone ingrowth to occur in pores of less than 100 um [28, 40].
However, as bone fills in small sized pores, it may hinder the transportation of oxygen and
nutrients to the centre of the scaffold, inhibiting cell proliferation and maturation, and resulting
in poor bone-implant bonding [7]. There are also practical concerns about removing loose un-
sintered powder from porous structures, particularly if the pore size is too small. Conversely,
larger pore sizes are associated with a low short term bone ingrowth ratio, as during the initial
stages of bone formation [44], only a small quantity of bone occupies the implant pores [1].
Similarly with regards to the role of scaffold porosity on bone ingrowth, typically higher
porosity scaffolds (>70% porosity) have been shown to have better ingrowth than low porosity
scaffolds (<70% porosity) [1, 28]; however in the porosity ranges of 70 — 90% researchers have
found opposing results [28]. Without understanding the mechanical properties of the tissue
being replaced and the loading environment, it is difficult to make determinations regarding

“optimal” pore size and porosity for scaffolds.

Most commercial or research-grade porous scaffolds have a homogenous structure and
are consistent regardless of skeletal location or animal used despite bone varying locally at
joints, globally throughout the skeleton and between species. As an increasing volume of work
indicates mechanobiology is an important factor in how bone responds to a scaffold or implant
[37], there is a need for scaffolds and porous implants with stiffness gradients tailored to invoke
the desired mechanobiological response from bone, specific to the site being investigated. More
so, there is a need for a method to create such structures in a pragmatic way that can be deployed

clinically in humans, additive manufacturing provides such an opportunity.
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2.2 Additive Manufacturing

Additive manufacturing (AM), the process of joining materials to make objects from
three-dimensional (3D) model data, typically layer-by-layer as opposed to traditional
subtractive manufacturing methods, emerged in the late 1980s and has matured rapidly in
recent years [45]. During the development stage in the 1990s, 3D printing was mostly used for
rapid prototyping of polymer and thermoplastic materials. However, advancements in laser and
electron beam technologies enabled the fabrication of metallic components. Over the years 3D
printing progressed from rapid prototyping to rapid manufacturing of end-use and functional

metallic parts [46].

The advantage of AM over conventional subtractive or forming methods is demonstrated
by the design freedom that can be achieved, such as the possibility of producing geometries or
topologically optimised lightweight components not possible by other means, or even
consolidating assemblies into single parts. Whilst, AM is a common term used to describe a
group of advanced manufacturing technologies that create objects in a layer-wise method [47],
only a few of these technologies are appropriate for producing structural components. One of
the dominant methods for producing functional metal parts with properties that can rival those

of traditional processing techniques is via laser powder bed fusion (LPBF) [48, 49].

During the laser powder bed fusion process, micron sized powder particles (typ. 15-45
um) are spread in very thin layers (typ. 25-60 um) on a build platform and melted by the
absorption of radiation from the thermal energy of a fibre laser beam under an inert atmosphere.
The process begins by creating a computer-aided design (CAD) model of the object to be built
and then geometrically slicing it into thin layers. Scan vectors are then generated to trace the
contours of the cross-section with ‘hatch scans’ filling it in. This information is then transferred
to a laser powder bed fusion system. For every layer, the laser beam exposes the relevant cross-
sectional area of the part(s), thereby melting and re-solidifying the powder particles to each
other and to the layer beneath, the build platform is then lowered, coated with a new layer of
powder and the process repeats (Figure 2.10). In order to achieve this, a coating device, usually
with a silicon wiper, spreads a new layer of powder onto the previous layer. The laser beam is
directed and focused across the surface of the powder bed/build platform by scanner mirrors
(galvanometers) and optics (typically an f — Theta lens) respectively in such a way that the

powder particles can be melted where desired.
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Figure 2.10 — Schematic of a typical laser powder bed fusion machine (left) and some
operating parameters (right). Image reproduced with permission of the rights holder, Elsevier.
[50]

At least 150 different parameters have been proposed that can affect the LPBF process and
consequently the quality of produced parts, manufacturing cost and manufacturing time [51].
From these parameters, about 13 have been identified that are crucial to the resulting quality
of manufactured parts; these parameters include the laser beam power, the laser beam speed
across the powder bed, the build layer thickness and the scanning strategy (Figure 2.10). During
fabrication, metallic AM parts experience a complex cyclic thermal history [47]. The rapid
cooling rates and directional solidification in powder bed fusion causes the produced metal
parts to have features and microstructures that differ from their cast and wrought counterparts.
Heterogeneous microstructures, anisotropy, both elongated and fine grains as well as
metallurgical defects (e.g. porosity and cracks) are examples of distinguishing material
properties of AM metals [52]. The effect of the previously mentioned crucial process
parameters on the thermal history of AM parts results in uncertainty and non-uniformity in the
structural properties of the fabricated parts and consequently remains a barrier to the continued

adoption of AM.

2.2.1 Fundamentals of Additive Manufacturing

In order to investigate the role of laser parameters, scanning strategies and different
base materials on porous structures, some fundamentals of the laser powder bed fusion process
must be understood. Understanding the laser interaction with metal powder beds is critical
when obtaining optimum processing regimes. Upon irradiation of the laser to the powder bed,
the powder material is heated and melts to form a liquid pool, known as the melt-pool, which

solidifies and cools down rapidly (Figure 2.11).
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Figure 2.11 — Meit-pol generation in laser powder bed fusion. Image reproduced with
permission of the rights holder, Elsevier. [53]

The size and shape of the melt-pool are dictated by the process parameters listed earlier,
such as laser power, laser speed, layer thickness, hatch spacing etc. [54] The size of the melt-
pool must be large enough to wet (attach to) the layer beneath it as well as be large enough to
overlap with nearby scan vectors. Upon solidification, the upper surface of the melt-pool must
also be flat enough to enable a next layer of powder to be spread over it. Residual heat from
the melt-pool, particularly when scanning the outer contour of a part, can also have the
undesired effect of having semi-fused particles attached to the surface thereby increasing the
surface roughness. Poor surface roughness is exacerbated by the layer-wise manufacturing

method of LPBF and the so called stair case effect (Figure 2.12).
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Figure 2.12 — Staircase effect (left) and semi-fused particles (right)

Typically the initial goal of optimisation of laser and process parameters is to achieve
near 100% density (Figure 2.13). However the complex thermo-fluid process of laser powder

bed fusion means this is difficult.
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Figure 2.13 — Laser parameter optimisation for maximum density. Reproduced under
Creative Commons Attribution License 4.0 [52]

Some of the key considerations of the LPBF process are as follows and will be discussed in

detail:

e Defects
e Residual Stress
e Unique Microstructures and microstructural heterogeneity

e Anisotropy

2.2.1.1 Defects

There are a number of reasons for defects and porosity in AM parts which can be
detrimental to the mechanical properties of the fabricated samples. They can simply be from
insufficient or non-uniform powder spreading, from gas entrapment both in the metal powder
particles or during solidification, or from more complex laser interactions with the powder bed
and resulting melt-pool [55]. Porosity and defects can form due to both insufficient and
excessive energy input from the laser. However, additional complexity arises from the fact that
heat dissipation from the melt-pool is also a function of part geometry and part orientation.
Thus, laser parameters that have been developed to produce fully dense test specimens (e.g. for

a simple cylinder) may not be appropriate for the range of complex geometries capable via
AM.

Insufficient energy from the laser to the powder bed and lack of overlap between scan
vectors or build-layers (relative to the melt-pool size) produces un-melted or partially melted
material and lack-of-fusion regions resulting in pores and cracks (Figure 2.14). The lack of

fusion crack is one of the most serious defects in laser material processing especially in additive
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manufacturing. It is directly connected to the mechanical behaviour and fatigue life of the final
products in laser material processing. Conversely, excessive laser energy can cause a volatile
and turbulent melt-pool leading to many different types of defects including spatter ejection,

keyhole porosity and balling.
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Figure 2.14 — (a) crack-like pores induced by effects like balled and unmolten particles

(dashed circles) and spherical pores (b). Image reproduced with permission of the rights
holder, Elsevier. [50]

Spatter ejection and keyhole welding occurs due to the overheating of the melt-pool as
a result of the high energy beam-feedstock material interaction. It creates recoil pressure in the
melt-pool due to convective transport of fluid (Marangoni Convection) which results in the
spatter of metal droplets. Spatter ejection is found to contribute to the formation of oxide layers
and also porosity, as the evaporated materials leave regions of molten pool with incomplete
material solidification. This leads to formation of pores in the solidified structure. In keyhole-
mode laser welding, the power density of the laser beam is sufficient to cause evaporation of
the metal and formation of plasma. Metal evaporation causes the development of a vapour
cavity that enhances the laser absorption. This enables the laser beam to “drill” to a far deeper
depth than is possible than by just thermal conduction. Collapse of the cavity can leave voids

in the wake of the laser beam [54].

Balling is observed most in AM processes and caused by the laser energy induced non-
stabilised melt pool (Figure 2.15). Balling phenomenon is believed to happen for both low laser
energy (incomplete wetting) and high laser energy (liquid splashes onto cohesive powder
particles). Balling occurs as the result of limited liquid phase formation in the molten pool to
initiate powder melting when the temperature becomes too high as the power of heat source
increases. It is characterised by the development of rough, spherical structures on the surface

of the 3D printed parts. The occurrence of balling is governed by various metallurgical
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mechanisms including molten pool behaviour, Marangoni convection and wettability. Balling
pores are typically larger than keyhole pores and they have a strong impact on the mechanical
properties of the parts. Moreover, balling may result in the formation of discontinuous scan
lines which will significantly affect the melt pool overlapping between scan lines and layers

[46, 56, 57].
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Figure 2.15 — SEM images of the balling characteristics of single scan tracks with increasing
scan speed. Image reproduced with permission of the rights holder, Springer Nature. [56]

Other defects are lack of fusion at high energy, likely caused by thermal distortions, the
formation of hot tears, a consequence of the material response to stress at elevated temperature
and denudation zones [52]. Denudation zones are regions of displaced powders driven by the
metal vapour ejection and entrainment of powder particles in the gas flow, which clears
powders along the path of the laser towards the sides of the scan track [48]. This can contribute
towards porosity as the available amount of powder along the laser scan route is reduced during

subsequent scans [46].

In general the mechanical properties of LBPF parts under quasi static loading can be
comparable to their conventionally fabricated alternatives, however, a major concern is their
fatigue resistance. Contrary to failure under static loading, failure under fatigue is mostly driven
by impurities and microstructural heterogeneity. In wrought materials, slip bands and
microstructural weak points typically compete for initiating cracks by providing local plastic
deformation under cyclic loading. However for LBPF parts fatigue failure typically is initiated
by voids and defects close to the surface, which also act as stress concentrations [47]. Thus
obtaining defect free parts, particularly by optimising the laser parameters, is vital to ensure
long fatigue life of components. Particularly for fine porous structures it is imperative that they

are as close to 100% dense as possible to maximise mechanical properties and fatigue life.
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2.2.1.2 Residual Stress

As the laser selectively melts and fuses powder as it scans across a part there will be
localised heating and cooling. Furthermore the melting and subsequent solidification of the thin
layers creates significant thermal gradients resulting in the generation of residual stresses when
the parts cool (Figure 2.16) [58]. Residual stresses can lead to deformation and failure of parts
both within the AM process and in subsequent post processing steps [59]. Cracks that are
accompanied with warping or distortion are normally caused by residual stress. These types of
cracks are material dependent and maybe unavoidable [57]. Both the localised heating and
cooling rate of melt-pool as well as the global thermal history of the part will affect the amount
of residual stress generated, with a number of authors investigating the role of laser parameters
and scan strategies on residual stress [45, 49, 57, 59], as well as the thermal post-processing

required to relieve these stresses [60-62].
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Figure 2.16 — Localised thermally induced residual stress. Image reproduced with permission
of the rights holder, Elsevier. [50]

Residual stress is also one of the reasons why low angle features require support
structures in powder bed fusion. Typically surfaces <30 — 45° relative to the build plate need
to be built with supports which are manually removed post-build or post thermal heat treatment.
However, when building complex geometries such as porous structures it can be exceedingly
difficult to remove supports from deep within the structure. For this reason the majority of AM
research into porous structures have tended to be on unit cell geometries with struts > 45° to
the build plate [7, 63], whilst some research has looked at porous structures with low angle or
even horizontal struts they tend to have poor morphology [64]. By developing novel scanning
strategies and optimising the laser parameters (laser power, laser exposure time per point, etc.)
during the build process, this research will also investigate whether thin mechanically
competent struts can be built at low angles. This will allow for a better match to the architecture

of trabecular bone, where individual trabeculae grow at all angles.
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2.2.1.3 AM Microstructure

Mechanical properties of metals are highly dependent on the microstructure [50], the
same is true of AM metal specimens. The high energy-material interaction cycle in LBPF
causes rapid heating and melting of materials which eventually leads to rapid solidification
upon cooling as well as directional heat extraction being present. Generally, the high
heating/cooling rates in the rate of 10° — 10® K s™! contribute to the formation of non-equilibrium
phases [46] and anisotropic and heterogeneous microstructures that intrinsically differ from
metallic parts manufactured via conventional methods [65]. The laser parameters (laser power,
laser speed, layer thickness, etc.) and scanning strategies affect the thermal history (i.e. melt
pool temperature, thermal gradient, cooling rate, cyclic reheating) during fabrication, and
consequently affect the microstructural details (grain size/morphology, texture, defect
type/size/distribution and residual stress, etc.), and therefore the mechanical behaviour of

fabricated parts [47].

A number of researchers have shown how different laser parameters and scanning
strategies result in differences in phases present, grain morphology, grain size and texture in
LBPF. LBPF specimens are characterised by a heterogeneous microstructure as a result of local
differences during the melting and solidification process. These local differences occur both
across a given layer and with respect to build height. Thus, the produced microstructure is
affected by part geometry, size [66], orientation, build height and number of parts being built
as they will all affect the thermal history of the melting and solidification process. Furthermore,
differences in thermal conditions (thermal gradients, cooling rates etc.) can result in differences
in phases present, their quantity and constitution. Naturally, changes in microstructure, both in
terms of grain characteristics (size, morphology texture) and phases present and their quantities
will affect the mechanical properties of the built part [67-72]. For example, the strength and
yield stresses of a material depend on the grain size as described by the Hall-Petch relationship
[72]. Locally in an AM part, as the melting and solidification occurs rapidly, there is
insufficient time for grain development and grain growth, grain refinement is expected to occur.
However for certain materials, the layer-by-layer nature of AM and the repeated melting and
solidification of layers sometimes causes certain grains and phases to be elongated along the
height of the part. Unfortunately, this work has almost exclusively investigated solid parts and
there remains a lack of research regarding the role of laser parameters and scan strategies on
microstructure and mechanical properties of porous specimens. Specific examples of the role

of laser parameters on microstructure for selected biomaterials can be found in Section 2.3.
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2.2.1.4 Anisotropy

As described above, there are constantly changing thermal conditions during the laser
powder bed fusion process in addition to a directional heat flux and large thermal gradients.
These features of AM metal microstructures also can contribute to significant anisotropy. A
common microstructure feature observed is epitaxial columnar grain morphology aligned
parallel to the build direction. Grain morphology along with differences in texture, due to the
steep thermal gradients and re-melting of previous layers, alignment of grain boundaries, part
orientation as well as location of defects, all contribute to significant anisotropy in mechanical
properties. This is exacerbated in some materials if their atomic crystal structure is also
anisotropic, for example in the hexagonal close packed (hcp) crystal structure [67] of

commercially pure titanium.

Section 2.2.1 highlights the complexity behind the optimisation of process parameters for AM
parts. Increasing research has highlighted the effect laser parameters and scan strategies can
have on the material and mechanical properties of solid AM parts, but their effects on porous
structures have been under reported. In addition to this there are also inconsistencies and issues
with the mechanical testing of porous structures in literature. Before discussing relevant
materials for the manufacture of porous structures, a review of research into porous structures

will first be presented.

2.2.2  AM of Porous Biomaterials

Due to the technological developments in additive manufacturing, architectured porous
structures are increasingly deployable for a range of applications including weight reduction,
energy absorption and heat exchangers [48, 73-75]. In orthopaedics, implants which have
traditionally been solid pieces of metal, that are significantly stiffer than the natural bone [21],
can now be composed of low stiffness porous structures produced by AM [76], from
biocompatible metals like stainless steel, titanium, cobalt chrome, and tantalum [41, 42, 77].
Bone repair and regeneration has been shown to be driven by strain response with respect to
load [15, 37, 78]. Therefore, in order to accelerate bone regeneration, a porous scaffold or
porous coating on an implant should have a stiffness less than the bone that is being replaced
(0.05-0.5 GPa for trabecular bone and 7-30 GPa for cortical bone [20]). However, a challenge
is to ensure that at low modulus, AM porous structures have maximum strength to guarantee

implant survival in a high cyclic load environment.
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Additive manufacturing of metals provides implant manufacturers numerous
advantages when producing a porous biomaterial compared to conventional manufacturing
techniques. The microarchitecture of porous biomaterials can be precisely controlled, namely
the size, shape, distribution and interconnectivity of pores and struts can be finely tuned as well
as the overall porosity and effective modulus. AM also allows for gradients or local variations
in the structure and can provide a strong interface between porous features and solid monolithic
geometries. As the mechanical characteristics of bone vary with skeletal location, both the local
and global mechanical properties of porous biomaterials can be tuned by modifying its micro-
architecture, thereby maximising the bone remodelling/ingrowth. Another important advantage
is that patient specific implants can be produced more easily using additive manufacturing
techniques [79]. The manufacturing methods, the architecture of the structure, the base material
and thermal/mechanical post-processing all provide opportunities to maximise the static and
fatigue strength of AM porous structures. This research will focus solely on the role of

manufacturing methods and base materials on porous structures.

2.2.3 Mechanical and Material Properties of Porous Structures

The majority of research on AM porous structures has investigated different architectures
(unit cell types), characterising the strength and stiffness of the structures at varying porosities
(relative densities). Most structures investigated are non-stochastic architectures which include
variations of cubic crystal system structures (Figure 2.17) [80-82], space filing polyhedrons
[83] and triply periodic structures [84-87]. A few researchers have also looked at pseudo-
randomised versions of crystal system structures [42] and fully stochastic architectures [88, 89]

but in general stochastic architectures have received very little attention.
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Figure 2.17 — Cubic crystal system structures. Many porous AM materials are built with these
types of repeating unit cells. Reproduced under Creative Commons Attribution License (CC
BY). [63]

Stochastic materials, tend to typically be weaker than non-stochastic structures for a given
relative density in a given loading direction, as there are often redundant struts or the structure
is states of self-stress; whilst non-stochastic structures can be engineered to only include the
optimum or relevant struts to withstand a certain loading scenario. However, the benefit of
stochastic materials are that they tend to be isotropic whilst unit cells such as cubic crystal
structures are inherently anisotropic. They also offer far more flexibility and freedom in design
of gradients and specific structural anisotropy as well as avoiding row-by-row failure planes

(i.e. they tend to behave as continuums) [51, 90, 91].

Typically mechanical testing of porous structures utilises compression testing. The
behaviour of porous structures have been described by models by Gibson and Ashby [90-92].
They indicate two classifications of compressive behaviour (Figure 2.18). Struts, in the porous
structure, can be bending dominant and fail by either plastic bending, elastic buckling or brittle
fracture. Alternatively, struts can be stretch dominant. In stretch dominant structures all the
same failure mechanics are present as in bending dominant structures however struts can also

carry an axial tensile load.
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Figure 2.18 — Compressive behaviour of porous structures: a) the struts bend under
compression (bending dominant); b) under compression the horizontal strut will carry tension
(stretch dominant); ¢) the structure is over-constrained and possibly in states of self-stress
[92]

Under compression, porous structures will exhibit an initial linear portion, which appears
to be elastic. This is termed the quasi-elastic gradient [93]. Surface strain measurements have
shown that there is localised plasticity in struts and nodes of porous materials at stresses well
below the compressive strength of the specimen which reduces the slope of the initial loading
curve [90]; therefore hysteresis loops are necessary to obtain better representations of the
elastic modulus of porous specimens. In this research, elastic modulus of a porous specimen
refers to the effective or apparent modulus of the structure and not the modulus of the base
material. As illustrated in Figure 2.19, the elastic region is followed by yielding, with an upper
and lower yield sometimes being observed, due to post yield softening or brittle fracture.
Following this is a plateau region, during which plastic deformation of the struts occurs with
relatively little increase in stress, although this region is not always perfectly horizontal.

Eventually the structure collapse and densifies resulting in a sharp increase in stress.
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Figure 2.19 — Compressive Stress — Strain curve of a porous metal. Image reproduced with
permission of the rights holder, Springer Nature [94].

When the fatigue behaviour of porous AM structures is investigated, compression —
compression fatigue testing is usually performed, with structures exhibiting a three — stage
fatigue behaviour [77]. As seen in Figure 2.20, in Stage 1 there is a settling in period where
specimens accumulate a small amount of plastic strain slowly until Stage 2 where there is a
very minimal accumulation of strain with increasing cycles, until finally in Stage 3 the strain
increases very rapidly and the specimen fails catastrophically within a limited number of

cycles.
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Figure 2.20 — Fatigue failure curve (Strain vs. number of cycles to failure) of a porous metal
under compression-compression fatigue. Image modified and reproduced with permission of
the rights holder, Elsevier. [95]

Increasingly, researchers have compared different architectures and their static and fatigue
properties [80, 83, 96-99] however this has been exclusively on non-stochastic architectures.
Most studies have found that maximising the strength of additively manufactured porous

metals at low stiffness remains a challenge, particularly in applications under high cyclic loads
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[7, 99, 100]. For engineers looking to optimise the yield and fatigue strength for a given
stiffness of AM porous structures, there are hurdles still to overcome. Most studies have limited
or no samples tested in the higher cycle fatigue region (10° or higher cycles) and these studies
also tend to present mechanical properties with respect to relative density or cycles-to-failure
and not with respect to stiffness. Extracting and comparing stiffness data from these works can
prove difficult as often the quasi-elastic gradient and not the elastic modulus of the specimens
is reported. There is also often ambiguity regarding how strain has been measured during

testing and thus the effect of test machine compliance may be present.

The actual mechanical properties of different unit cells is not particularly relevant to this
research. Instead the focus of this work is on how the laser interaction with the powder bed
affects mechanical properties. Despite all the research into mechanical properties of porous
structures, little attention has been paid to optimising manufacturing parameters (e.g. laser
power, scanning speed) and scan strategy for the mechanical performance of these structures.
Whilst solid AM research provides some insight, the scales for melting are much different as

heat retention and dissipation will be considerably different in large parts than micro-struts.

2.2.4 Parameter Optimisation on AM Material Properties

Parameter optimisation has been performed for solid AM parts focusing on the role of laser
parameters on improving material density and strength and achieving a desired microstructure
[55, 67, 72, 101, 102]. For porous structures, parameter studies have prioritised geometric
accuracy and material density. The few AM porous structure studies that have considered build
parameters and mechanical performance, have briefly explored the effect of varying laser
parameters on the mechanical properties of the structure. Specifically looking at mechanical
properties with respect to relative density (i.e. strength or stiffness-to-weight) [73], whereas, as
stated earlier, for bone replacement scaffolds it would be more suitable to optimise parameters
to ensure maximum strength of the architectured structure with respect to stiffness. Also, AM
porous structure parameter studies have only been performed on a BCC unit cell architecture,
and thus have not considered how the variety of build angles, such as are encountered in

stochastic architectures, are affected [81, 103].

For research that investigates the effect of laser parameters on AM material properties,
such as strut size [73, 81, 103], structure porosity or material density, either a single laser
parameter is explored in isolation (Figure 2.21) [103] or an equation for ‘laser energy density’

i1s used [55, 73, 102].
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Figure 2.21 — Effect of a single laser parameter (laser scanning speed) on a porous AM
material property (left: strut diameter, right: base material porosity). Shown for an aluminium
alloy (AlISi10Mg). Reproduced under Creative Commons Attribution License (CC BY). [103]

These equations attempt to relate laser energy density (Ep) delivered to the melt-pool to
some combination of laser power (P) and exposure time (¢) or to laser scan speed (), hatch

spacing (/) and layer thickness (/). Equation 2.1, shows typical models used.

P
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Equation 2.1

Such models do not include important process variables, and typically generate a
process parameter window or a collection of data points with no distinct trend between
properties such as strut thickness or porosity against laser energy density [73, 101]. Thus
making it difficult to scale or predict values outside the tested experimental range, as depicted
in Figure 2.22 [104].
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Figure 2.22 — Porosity of titanium grade 5 samples built with varying laser powers (P) and
scan speed. (a) P=160 W. (b) P=120 W. (c) P=80 W. (d) P =40 W. No relationship is
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observed between energy density and porosity. Image reproduced with permission of the
rights holder, Elsevier. [101].

A more useful term comes from laser welding origins [54, 105], where melt-pool width
and depth was found to be related to the absorbed energy density or specific enthalpy (4H)
delivered by the laser to the powder bed Equation 2.2. Where specific enthalpy is a function of
Absorptivity (4), thermal diffusivity (D) and density (pg) of the powder and of the laser
parameters, namely, laser power (P), laser scan speed (1) and laser spot diameter ().

AH = 4-F Equation 2.2

poT D -u- @3

For a given scan geometry, if strut thickness can be assumed to be proportional to melt-pool

width and depth, then a strut thickness versus specific enthalpy plot should produce a scalable

model with a distinct and mathematical trend.

Parameter optimisation is further complicated by varying methods of energy delivery. Two
approaches have been adopted in literature for porous structures: the traditional contour-hatch
[103] scanning strategy or the more novel single-exposure strategy [42, 73, 81, 106]. However
a comparison between these scanning strategies is yet to be performed. Another potential
scanning strategy to be explored is pulsing which may allow for better control of the melt-pool

[107]. Scanning strategies will be described in more detail in Chapter 3.

Finally, current laser parameter optimisation studies only typically report on individual
materials and thus do not investigate how optimising laser parameters and scan strategy may
change according to the mechanical, material and thermal properties of the powder.
Furthermore, the literature has solely reported on static mechanical properties and thus there is
a lack of research investigating the effect of laser parameters on fatigue properties of AM

materials.
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2.3 Biomaterials

The base material of a porous structure naturally plays an important role in governing its
behaviour and mechanical properties, such as its strength-to-stiffness ratio. In orthopaedics the
trend is towards materials or alloys with low modulus, high strength, high fatigue strength and
that are corrosion resistant and biocompatible [108, 109]. The fatigue behaviour of AM porous
biomaterials has been reported as both quantitatively and qualitatively different from that of
bulk materials and researchers have stated that the relationships normally used for the fatigue
design of solid monolithic materials are not applicable when designing AM porous structures.
It is suggested that new relationships should be developed for this purpose. It has been broadly
observed that, material type and manufacturing imperfections are more important than
architecture and structure porosity in the high cycle fatigue behaviour of AM porous structures

[97].

2.3.1 Stainless Steel

The first metals successfully used during the 20" century in orthopaedics were stainless
steel (SS316) and cobalt—chrome-based alloys. Titanium and its alloys were introduced in the
1940s, but the first successful joint replacement was a total hip prosthesis developed by
Charnley in the late 1950s with a cemented stainless steel stem [110]. Currently, stainless steel
is mainly used in trauma devices (fracture plates, screws, hip nails etc.) owing to its relatively
low cost, corrosion resistance, availability and easy processing. The use of stainless steel in
joint replacements is limited due to other materials such as titanium and cobalt—chrome based

alloys exhibiting superior mechanical, corrosion and wear properties [110].

Stainless steel has been widely used in LBPF for both solid [111] and porous [81, 86, 112-
115] specimens. Due to its low cost, non-reactiveness and ease of melting it is an ideal material
[116] for development (of analysis techniques, of understanding of AM phenomena etc.)
despite other materials being more suitable for a porous scaffold or as a porous coating on a
solid implant. Stainless steel is one of the materials in LBPF where there has been significant
success in achieving near full density [111]. The role of laser parameters and scanning
strategies on microstructure and mechanical properties has also been studied for solid SS316
[117]. Quantity and constitution of phases has been found to change with process parameters
and increase in laser power resulted in crystal growth along the build direction and increase in
texture angle and grain shape aspect ratio [118]. One of the few studies that has explored
different laser parameters on lattice structures was conducted in stainless steel. Using a single

exposure strategy, a variety of individual struts and porous structures with a BCC architecture
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were manufactured with different laser parameters. The individual struts were tensile tested
whilst the porous structures were compression tested. For SS316L it was claimed lower laser
powers resulted in lower strengths for the struts tested in tension. Mechanical properties of the
struts was also seen to decrease with build angle. For the porous structures comparisons were
made with respect to relative density and structures were grouped with respect to exposure
time, whereas laser power has been shown to play a more dominant role in porosity and grain
size development [117], The mechanical testing of the porous structures shows for a given
relative density mechanical properties will vary depending on the laser parameters used

however no takeaways regarding optimum parameters can be extrapolated from the work [81].

2.3.2 Titanium

In the 1950s Branemark discovered the osseointegration phenomenon of titanium,
where titanium and its alloys were able to become tightly integrated into bone.
Osseointegration can significantly improve the long-term behaviour of implants and decreases
the risks of loosening and failure. Due to this property, titanium and its alloys became materials
of great interest in orthopaedics. Whilst they can have excellent mechanical properties that
include a moderate elastic modulus (~100-110GPa) high strength, high fatigue strength, good
corrosion resistance and low density (~4.4 g/cm?), surface properties such as wear are relatively

poor due to low shear resistance of the material [110].

Pure titanium (CP-Ti) undergoes an allotropic transformation from a closed-packed
hexagonal crystal structure (a-phase) to a body-centered cubic crystal structure ( phase) when
its temperature is raised above 882 °C. Alloying elements either stabilise the a phase or  phase,
increasing or decreasing the P transus temperature respectively or acting as solid solution
strengtheners. In addition to the two equilibrium phases, there is also a metastable titanium
martensite phase that can form under fast cooling rates (>400°C/s) from the B phase. This
martensite phase can exist in two forms, a hexagonal structure (o) and an orthorhombic crystal
structure (a”). In titanium alloys the a phase and  phase are not adjacent as they are in pure
titanium but separated by a two-phase o + B region. For Titanium-6Aluminium-4Vanadium
(Ti-6Al-4V or Ti64), aluminium is a a stabiliser, whilst vanadium is a j stabiliser and the 3
transus temperature is 980°C (Figure 2.23), these alloying elements improve the mechanical

properties, achieving typically twice the yield and ultimate strength values of CP-Ti.
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Figure 2.23 — Phase diagram for Ti-6Al-4V. Image reproduced with permission of the rights
holder, Elsevier [50].

The high heating and cooling rates (103-10® K/s) [50] during LBPF of Titanium enable
the fabrication of parts with very fine and tailorable microstructure. For CP-Ti, fine
microstructures including lath o, acicular o and refined zig-zag o' can be obtained through
controlling the process parameters. It has been found that by varying laser power and
maintaining energy density, different phase formation, microstructure, texture and mechanical
properties can be obtained [67]. If only a single phase is present, the main influence of

microstructure on mechanical properties arise from differences in grain size and shape.

In Ti64, as both o and 3 can be present at room temperature, phase morphology, volume
fraction, in addition to grain size and shape can affect mechanical properties. The mechanical
properties of LBPF Ti64 depend largely on its constituent phases and their morphology and
characteristic length scales as well as the size and orientation (texture) of the prior beta grains.
The influence of process parameters on the cooling rate and subsequent microstructure
formation and resulting mechanical properties during LPBF processing of Ti alloys has been
widely researched and reviewed [50]. Typically the resulting microstructure often features
columnar prior  grains, which grow epitaxially through successive layers along the build

direction, filled with acicular o’ martensite (Figure 2.24) [55, 58].
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Columnar
Grains

Figure 2.24 — Typical LBPF Ti64 microstructure, columnar prior beta grains are seen filled
with acicular o’ (Build direction is vertical). Image reproduced with permission of the rights

holder, Elsevier [65].

: _,,_{’E n =

The orientation relationship between o' and B dictates the o' preferential growth
orientation, and martensitic needles (or laths) are generally observed to be inclined about 40°
with respect to the build direction [52]. The elongated prior  grain boundaries in conjunction
with the presence of acicular o' martensite favour intergranular failure. Martensitic
microstructures also exhibit poor ductility [50]. Such strongly textured structures lead to
significant anisotropic mechanical behaviour. Many consider it necessary to transform the o’
microstructure into an equilibrium o +  to reduce anisotropy and improve fatigue performance.
Typically this is done by post-build heat treatments [60-62] but researchers have been able to
achieve o +  microstructures via in-situ (in-process) martensite decomposition (Figure 2.25)
[102]. Different approaches have been taken but essentially altering process parameters to
influence the cooling rate and/or cyclic thermal history allows for very specific microstructures

to be obtained, however this area remains in its infancy [50].
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Figure 2.25 - Effect of microstructure on tensile properties of LBPF titanium parts. Image
reproduced with permission of the rights holder, Elsevier [102].

The different phases of titanium also have different moduli, with the a” and B phases
considered to have the lowest modulus followed by o'. Young’s modulus is an intrinsic
property of a material and is determined by the bonding force among atoms. The bonding force
is not only related to crystal structure but also to the distances among the atoms. Young’s
modulus, unlike strength is not sensitive to grain size and morphology of materials [108], but
it is clear that by optimising the laser parameters to get a desired thermal history, both the grain
size/structure as well as the phases present and their quantities can be altered to maximise

strength:stiffness of the part.

With respect to porous structures, as stated earlier practically all research into the area
has focused on structural investigations, i.e. changing architecture of the structure. There has
been some work [24, 84, 88, 106, 119] into the effect of different laser parameters on
microstructure for porous specimens but limited research regarding the effect of different laser
parameters on the mechanical performance of titanium porous structures for a given relative
density or modulus [106, 119]. There remains no rules or guidelines for optimum laser
parameters for porous specimens to maximise static or fatigue mechanical properties with
respect to stiffness. Similarly, there has been no work regarding the effect of scanning strategies
on the microstructure and mechanical performance of titanium porous structures for a given

relative density or modulus.

There has also been some comparative research into the effect of titanium alloy on the
properties of porous structures (Figure 2.26). Historically, Ti64 has been used for solid
orthopaedic implants due to its high strength and fatigue life. However, some research [24, 41,

120] and current commercial porous implants [42, 73] have supported the use of CP-Ti for
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porous features [120]. As a porous structure manufactured via LBPF, CP-Ti has a ductile
failure mode as opposed to the brittle failure mode of Ti64. Despite its lower static strength,
CP-Ti has been shown to have a higher relative fatigue strength for a given number of cycles-
to-failure than Ti64 [24, 120] and better fatigue strength-to-weight (Figure 2.26) [120].
Statically however, both as solid and porous AM parts, CP-Ti appears to have a lower static
strength:stiffness ratio than Ti64 [121], however, the limitations and concerns mentioned in
2.2.3 still apply. There remains a need for systematic testing of CP-Ti vs. Ti64 with regards to

strength-to-stiffness and fatigue strength-to-stiffness for porous structures.

2.3.3 Tantalum

Tantalum is a hard, ductile, highly chemically resistant material with good apposition to
human bone. Tantalum is a period six refractory metal, in the same family as niobium,
vanadium, and molybdenum. Tantalum has a-BCC crystal structure and is an isomorphous —
stabiliser in titanium. Isomorphous stabiliser means the lattice structure of the alloying element
is the same as the lattice structure of p—phase titanium, i.e. body centred cubic (BCC) [72, 121].
It has been successfully used in clinical applications as a biomaterial since the 1940s, but
because it is both expensive and difficult to machine, the use of Ta as a biomaterial has been
limited. The biocompatibility and non-toxic behaviour of Ta in general have been reported
previously. The attachment, proliferation and differentiation of human osteoblasts on Ta are
excellent in comparison to the more commonly used surgical grade Ti64. Despite its promising
biological properties, Ta is not considered as an appropriate material for large implants due to
its high density, stiffness and price. To avoid stress shielding, Ta is mostly limited to open
porous structures in biomedical applications. Knowing that bulk Ta is difficult to process, and
therefore commonly produced as a powder, it can also be applied as a coating on both solid,

and open porous implant surfaces [41].

Tantalum as a porous structure for orthopaedics is attractive due to its corrosion resistance,
biocompatibility, and ductility, however it is prohibitively expensive [41]. As Ta is commonly
produced as powder it lends itself to powder-based manufacturing technologies. Recently, both
solid and porous Ta parts have been produced by LBPF. AM Ta showed improvements in
micro-hardness and tensile strength when compared to cast or powder metallurgy specimens
due to fine-grain strengthening. Indeed, like most materials processed by AM porosity,
strength, ductility and microstructure were all seen to vary with the laser parameters and
scanning strategy, thereby changing the energy supplied to the melt-pool [72]. It was found

that epitaxial growth due to partial re-melting of the previous layer, competitive growth
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mechanism and a specific global direction of heat flow resulted in the formation of long
columnar grains with a specific preferential crystal orientation along the building direction and

consequently yield strength anisotropy.

There has been limited research into the manufacturing of porous Ta via LBPF. Preliminary
work has also shown that porous AM tantalum, whilst having a similar yield strength to CP-
Ti, has a higher relative fatigue strength and better fatigue strength-to-weight than both CPTi
and Ti64 (Figure 2.26) [120]. However, only a single type of specimen was tested and it
remains unclear, for the reasons specified in Section 2.2.3, whether it has superior strength-to-

stiffness and fatigue strength-to-stiffness compared to Ti and its alloys.
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Figure 2.26 — Fatigue strength comparison between porous structures manufactured from
titanium alloys and tantalum. Left: Normalised maximum fatigue stress versus number of
cycles to failure. Right: Fatigue strength at one million cycles versus overall structure
porosity. Image reproduced with permission of the rights holder, Elsevier [120].

2.3.4 Titanium — Tantalum

The risks of Ti-based alloy implants on bone infection or osteomyelitis have been noted
and research to overcome their long-term health risks has been conducted. The elements with
the highest biocompatibility are Ti, Nb, Mo, Sn, Fe, Zr and Ta (Note: Al and V are not present).
As stated earlier the high modulus of Tantalum, makes it only suitable as a porous scaffold but
it suffers from poor mechanical properties [108]. Alloying titanium and tantalum together can
increase the strength and ductility of the resulting material whilst reducing modulus [7, 108,
109, 121]. Titanium-tantalum alloys are potentially more suitable than pure titanium for
biomedical applications because of their lower elastic modulus, higher strength and enhanced
corrosion resistance, along with the same excellent compatibility as pure titanium. The effect
of tantalum content in a titanium — tantalum alloy has also been investigated via melting in a
tri-arc furnace. Microstructure (Table 2.1), modulus, yield and ultimate stress and elongation

at failure were all shown to change with Ta content (Figure 2.27). From these studies, it was
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seen that a good combination of high strength-to-stiffness ratio, high elongation to failure and

low cost was with a 70% titanium — 30% tantalum alloy [122].

Table 2.1 — Constitutional phases and their morphologies of the Ti-Ta alloys [108]

Ta Content (%) Formed Phase Morphology
10 -20 o Lamellar
30-50 o” Needle-like
60 B+a” Equiaxed P + needle-like o”
70 — 80 B Equiaxed B + unrecrystallised structure
120 & 800 60
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Figure 2.27 — Effect of Ta content on Modulus, Strength and Elongation. Image reproduced
with permission of the rights holder, Elsevier. [108, 122]

There has so far only been one study on the LBPF of TiTa alloys, which investigated
both solid and porous AM parts, of a 50% titanium — 50% tantalum alloy. Solid parts were
shown to have a higher strength:stiffness ratio than CP-Ti and Ti64 specimens and better
elongation at failure [121], however the absolute strength of Ti64 was higher than the TiTa
alloy which was higher than CP-Ti. The porous TiTa was shown to have an almost equal
strength-to-stiffness ratio compared to Ti64 but the TiTa alloy had higher relative density and
thus lower modulus. The porous TiTa specimen had a greater strength-to-stiffness ratio
compared to CP-Ti and had equal porosity and modulus [123]. There is, however, currently no
fatigue data for either solid or porous AM titanium — tantalum materials and there is a need for
a more systematic comparison between porous CpTi, Ti64, Ta and TiTa structures with respect

to both modulus and density under static and cyclic loading.
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2.4 Summary

Bone is mechano-biological in nature and its remodelling can be accelerated by strain,
yet most in vivo testing has ignored this property when testing for bone ingrowth.
Mechanical environments have not been characterised and thus inconsistencies exist
regarding optimal structural characteristics of porous scaffolds.

Additive manufacturing whilst being an exciting technology is dependent on control of
many process variables that are still under characterised, particularly for porous
structures.

o For AM solids, laser parameters and scanning strategies can effect material
properties (microstructure, defects etc.) and consequently mechanical strength.

o There have been no systematic investigation into how the laser parameters and
scanning strategies effect build angle and minimum feature size of struts, nor
the material and mechanical properties of porous structures.

Most research into porous structures has been compression testing of different cellular
architectures, however there has not been consistency in measurements of modulus vs.
quasi-elastic gradients and there is ambiguity in how strain has been measured.
Fatigue testing of porous structures has again only focused on different cellular
architectures and different materials, with the same limitations as above, also there have
been sparse number of samples tested in the high-cycle fatigue region.

o Thus there is ambiguity regarding which material should be used to manufacture
low stiffness high strength porous scaffolds that must survive in a high cyclic
load environment.

Most research into porous structures looks to optimise strength with respect to weight
or relative density, whereas for bone regeneration scaffolds or features, optimisation
with respect to stiffness is more appropriate.

Alloying titanium and tantalum together can increase the strength and ductility of the
resulting material whilst reducing modulus, however no porous specimens have been
manufactured in the composition that maximise strength-to-stiffness and there has been

no fatigue testing of porous titanium-tantalum.
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3 Chapter 3 — Materials and Methods

The following chapter will describe the design and manufacturing for all specimens built
and tested throughout this research. All test methodologies will be detailed. Design of

experiments and number of specimens tested will be presented in their respective chapters.

3.1 Specimen Design

In order to investigate how the manufacturing parameters in powder bed fusion affect the
mechanical and material (microstructure, morphologic and geometric) properties of porous
structures as well as what materials these porous structures should be made from for low
stiffness — high strength applications (such as for bone ingrowth surfaces) and to test such
porous structures in vivo, test specimens needed to be designed. All specimens were designed
in the CAD software package Rhinoceros 5.0 (Robert McNeel & Associates) as line geometry
with slice data (build files) generated through Material Engine 1.0 (Betatype Ltd). Material
Engine is a CAD-CAM software platform that creates slice geometry for a variety of scanning
strategies directly from line based geometry representation. It is therefore possible to compare
different laser parameters, scanning strategies and materials all generated from the same input

CAD. The following structures were produced using this methodology:

3.1.1 Characterisation Structure

To evaluate minimum feature size and the effect of laser parameters and scanning
strategies on strut size, build angle and surface morphology, a characterisation structure with
constant strut length and varying angles was designed (Figure 3.1). The structure features struts

of 4 mm length at 90°, 60°, 45°, 30° and 15° with respect to the build plate.
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1. Line Based CAD Representation == 2. Slice Data Generation (location indicated

Elevation View: "~ ~_

in Rhinoceros 5.0 by dashed red lines) via Material Engine 1.0
Plan View: __Contour Strategy _PE’i_"Esleulsi”_g_St_rét_EEV_
.00 "o o Too!l e Ak

- 1
- - : O O O : I - :
Phe 1 | 1 X
e 1 | 1 |
T r ! | ! . 1
I | 0 % or, [
: ! 100 o0 © o o : | :
1 I 10 o] [o) | 1. X
L e L 1 | 1 .
1 | : X
i o |
1

-~

2 mm f -K 2 mm
— —
Contours to be Points to be exposed
- B ST traced by the laser by the laser
2mm
-

Figure 3.1 — Characterisation Structure Manufacture Workflow

3.1.2 Electron Backscatter Diffraction Specimen

Performing electron backscatter diffraction (EBSD) of a porous structure has many
challenges, particularly when trying to compare microstructures of stochastic specimens built
by different laser parameters or scanning strategies. When observing sections of a stochastic
porous structure it is difficult to attain the exact same section between specimens and as
microstructure will likely vary with build angle, build height and nodal connectivity of struts
it would prove difficult to make conclusions regarding how build parameters effect
microstructure. Alternatively, when observing sections of a non-stochastic structure or a single
strut it is difficult to grind and polish to the exact same location (say the middle of a strut). To
combat these issues, a single row of struts were designed, 10 mm tall spaced 1 mm apart
embedded into a solid base (Figure 3.2). A 1° shim was also manufactured. When the sample
is placed on the shim, mounted and ground back, the thickest strut visible should be the strut

closest to the central portion.
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1. Line Based CAD Representation == 2. Slice Data Generation (location indicated

in Rhinoceros 5.0 by dashed red lines) via Material Engine 1.0
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Figure 3.2 — EBSD Structure Manufacture Workflow

3.1.3 Stochastic Architectured Structure

As stated in the literature review, AM stochastic porous structures have received little
attention in literature, with the majority of work being on periodic (repeating) uniform unit cell
structures. Stochastic porous geometries also more closely resemble the trabecular architecture
of bone when compared to periodic structures. Whilst non-stochastic structures, such as a BCC
or cubic unit cells, can be optimal for a specific loading case they are inherently anisotropic
and often can suffer from row by row failures. Stochastic structures, whilst potentially being
weaker in a given direction (for an equivalent weight or stiffness) are inherently more isotropic,
due to having material in all directions, and behave more like a continuum. Using a stochastic
structure also removes any angular effects that may occur due to the AM process, as struts will
be present in a wide range of build angles. But most important, and particularly relevant to the
structures in this work, it allows for stiffness/density gradients to be more easily incorporated.
This property also allows for a desired anisotropy to be designed as struts can be thickened and

thinned where desired and based on build angle.

A stochastic structure was produced for mechanical testing by filling a 3D volume with
a random distribution of points using a Poisson Disk algorithm that maintains a specific
minimum proximity (0.8mm between points). These points were then connected to each other,
as zero thickness lines, to achieve a desired connectivity (average connectivity of ~5) with a

strut density of (4 lines/mm?), as seen in Figure 3.3. Struts below a specified angle (<30°) were
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removed to optimise the structure for the AM build process. As only a single laser parameter
would be applied to all struts and since low angle struts can only be built with very specific
laser parameters, it was necessary to remove the low angled struts. The designed structure was
213 mm x 21 mm to ensure after removal from the build plate it maintains a Height:Diameter
ratio of >1.5 and conforms to ISO 13314:2011 — Compression test for porous and cellular
metals [1]. The structure served as a test coupon to compare the role of different laser

parameters, build strategies and materials on mechanical strength.
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Figure 3.3 — Manufactu_ring Workflow from Specimen Design to Build File Generation to
Manufacture. Note: 1-3 are simplified for clarity and not to scale.

3.1.4 Locally Stiffness Matched Porous Scaffold

Similar to as described above, a stochastic porous scaffold was designed by filling a 3D
volume (216 x 15mm) with a random distribution of points using a Poisson disk algorithm and
consequently connecting these points to each other as zero-thickness lines at a desired
connectivity (average connectivity of ~5). As bone properties vary between species and vary
both globally and locally at anatomical sites as well as due to age, sex, nutrition, activity level,
bone health and diseases, a methodology was developed to characterise local bone properties
in a clinical and pragmatic way. This ultimately can lead to patient specific, cohort specific and
site specific implants. In order for the scaffold to locally match the stiffness of bone it would
be replacing during in vivo testing, it was first discretised into 27 sections (a 3 x 3 X 3 array).
The modulus of each section was altered by changing the laser parameters, thereby producing
sections with thicker or thinner struts and thus stiffer or less stiff sections respectively (Figure

3.4). Laser parameters were selected so that the modulus of each section would match the
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modulus of the bone it would be replacing. This process along with the local quantification of

bone properties will be discussed in greater detail in Chapter 6.

Figure 3.4 — 3D Rendering of Locally Stiffness-Matched Scaffold

3.2 Build File Generation

Material Engine 1.0 (Betatype Ltd.) was used to create the slice data (build files) for all the
specimens described in section 3.1. The software can generate different slice data dependent
on the chosen scanning strategy all using the same line geometry. Laser parameters (laser
power, laser speed, slice thickness etc.) can be assigned on a part-by-part or even line-by-line
basis. The three scan strategies that were used to generate slice data are described below for a

powder bed fusion system:

3.2.1 Contour Strategy

The most common build strategy in AM is the Contour-Hatch strategy. For a given 2D
slice, the original CAD geometry contours are offset (typically by half the melt-pool diameter)
and the resulting contour scans are traced by the laser, with the area enclosed by the contours
being filled in with ‘hatch’ scans (Figure 3.5). However, issues arise with this approach at small
scale, due to STL geometry and resolution errors resulting in limited laser interaction with the
powder-bed, i.e. the slice data’s laser scan paths do not accurately reflect the intended
geometry. This strategy also causes many scan vectors and jumps between scan vectors,
resulting in a high amount of scanner delays and is computationally expensive. For the contour

strategy employed in this research the diameter of the contour scan was set equal to the spot
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size of the laser (70 um), this was to ensure there was no need for interpolative calculations to
generate additional border or hatch scans, strut thickness was then controlled purely by the
laser parameters. The contour strategy used in this research is depicted in Figure 3.1, Figure

3.2, Figure 3.3, and Figure 3.6.

Laser Beam

Contour Scan

Hatch Scans

Solidified Melt-pool Laser Spot Diameter

Melt-pool
Desired Strut
Diameter Melt-pool
Diameter
"~ A Melt-pool
/ _ _ ¥Depth

Figure 3.6 — Melt-pool video of a contour scan: Laser scans a specified diameter circle/ellipse
(2-19). Upon completion scanners jump to the next location and the following contour scan
occurs (not shown).

3.2.2 Points Strategy
Only a few researchers have utilised a single-exposure or point-like-exposure strategy

for manufacturing struts or porous structures [2-4]. To create a strut with the single-exposure
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approach, instead of the laser scanning a contour and hatching the intersecting geometry on a
2D slice (Figure 3.5), it fires a single exposure at the intersection between build layers and strut
locations for a specified period of time with the resulting strut thickness and morphology being
equal to the width and shape of the melt-pool (Figure 3.7). The single-exposure approach is
only possible when the struts of a porous structure are represented by lines as opposed to solid

geometry. Examples of slice data with a points strategy are seen in Figure 3.1, Figure 3.2 and

/ Laser Beam

Laser Spot Diameter

Figure 3.3.

Exposure Point

Melt-pool Diameter

_______ Melt-pool
Melt-pool
Depth

Figure 3.7 — Single Exposure Scanning Strategy

The single-exposure approach is believed to be more suited to building porous
structures in terms of both minimum feature size, computational cost and build time due to it
reducing the complex geometry of a porous structure to a set of points of exposure where less
jumps and scanner delays are caused. The drawbacks lie in the control of strut morphology as
well as the manufacturability and mechanical competence of low angled struts. This is because
as the build angle of a strut gets closer to the horizontal the overlap between the current layer’s
melt-pool and the previous layer’s melted strut is reduced as has been depicted by several

authors [5, 6] and seen in Figure 3.8
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Figure 3.8 — Single Exposure issues for low angled struts: When building a strut at 30° at a 50
um layer thickness and assuming a melt-pool width and depth of 100 um, a typical single
exposure strategy would likely not build a strut, as there are no overlapping melt-pools (for
simplicity melt-pools are shown as spherical).

This research has utilised a novel interpretation of the single-exposure strategy, developed
in conjunction with Betatype Ltd. This new interpretation eliminates the problem where melt-
pools would not overlap for low angle struts. When building a low angle strut the horizontal

component of the strut is projected onto the slice layer (Figure 3.9).

50 pm

Figure 3.9 — Points Strategy: Projection of horizontal component of strut onto slice layer
(green lines)

Exposures are then fired along this contour (Figure 3.10); this type of approach would in

theory allow the efficient manufacture of struts at any build angle, even horizontal.

Figure 3.10 — Points Strategy for low angled struts: Exposures are fired along the projected
horizontal component of the strut on a layer-by-layer basis

The thickness of struts manufactured by the new Points Strategy was still determined by
the melt-pool size and thus ultimately controlled by the laser parameters. Figure 3.11 depicts

images from a melt-pool video of the points strategy building a vertical strut.
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Figure 3.11 — Point Exposure (shown for a vertical strut): The laser is held at a fixed position
and exposes (fires) for a specified time (2-17). Upon completion scanners jump to the next
exposure point (18-34) and the following exposure occurs (34-35). Previous exposure point is
circled during the scanners jump to the next point.

3.2.3 Pulsing Strategy

Pulsing a laser can lead to a smaller melt-pool [7] and consequently may be able to
produce finer features. By repeatedly firing the laser at each point in the Points Strategy the
effect of pulsing can be explored. In addition to the typical laser parameters which control melt-
pool size, new variables are available, namely the duty cycle (how long the laser is off between

repeated exposures) and the number of repeated exposures per point (Figure 3.12).

(o)}
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Figure 3.12 — Pulsing Strategy (shown for a vertical strut): The laser is held at fixed position
and exposes (fires) for a specified time (e.g. 7-8) then the laser turns off for a specified time
(e.g. 9-12); this point gets repeatedly pulsed with exposures (in this example 5x with a 50%
duty cycle). Upon completion scanners jump to the next exposure point (27-34) and the
following pulsed exposures occur (34-35). Previous exposure point is circled during the
scanners jump to the next point.
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3.3 Materials and Manufacturing

All specimens in this study were manufactured on a Renishaw AM250, a metal powder bed
fusion AM system. In contrast to most powder bed fusion machines (EOS, ConceptLaser, SLM
Solutions etc.) which fire continuously when scanning a contour or a hatch, the AM250 is a
pseudo-modulated (“move-fire”) system, meaning the laser is held at a point and fires for a
fixed exposure time then turns off and moves rapidly to the next point by a set point distance
and the process repeats along each scan vector. The main laser parameters, in combination with
the different scanning strategies, which control the melting process are therefore Laser Power,

Exposure Time, Point Distance and Layer Thickness.

Figure 3.13 — Renishaw AM250

The system, equipped with a Gaussian beam CW fibre laser (max. 200 W, 70 um spot size,
wavelength (A) =1.07 pm), was modified to include process monitoring equipment. The laser
optical train was fitted with a beam splitter attached to two high speed cameras enabling
imaging of the melt-pool. A photodiode was connected to the optics to monitor the laser input

to the powder bed (Figure 3.14).
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Figure 3.14 — Diagram showing optical layout of the commercial LPBF machine and
modification to allow coaxial imaging of the melt pool [8] Reproduced under Creative
Commons Attribution License (CC BY).

The following materials were used to manufacture specimens in this research:

e Commercially Pure Titanium Grade 2 (CP-Ti)

e Titanium Grade 23 (Ti6Al4V ELI hereafter referred to as Ti64)

e Tantalum (Ta)

e A 70% Commercially Pure Titanium — 30% Tantalum mix (Ti-30Ta hereafter
referred to as TiTa)

e Stainless Steel (SS 316L)

All powders were of spherical shape (Figure 3.15), with the titanium and stainless steel
powders having a particle size range of 10-45 um (Dso: 27 um) whilst the tantalum powder had
a particle size range of 5-25 pm (Dso: 15 pm). The TiTa powder was a blend of titanium and
tantalum powders rather than pre-alloyed powder. All powders were supplied by LPW
Technology who also performed the powder blending. Manufacturing occurred in an
environment initially vacuumed to -960 mbar and then back filled with 99.995% pure Argon
to 10 mbar with an oxygen content of ~0.1%. Stainless steel specimens were built onto steel
substrates with all other specimens being built onto titanium substrates. Post build all
specimens were cleaned ultrasonically in ethanol. The stochastic architectured porous

structures and the locally stiffness-matched scaffold were removed from the substrate by
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electro discharge machining (EDM). All specimens for mechanical testing were made parallel

by EDM and manual grinding.

200um  Imperial 10.9mm x1.00

SCP-Ti

Figure 3.15 — BSEM Images of Powder Feedstock. Note: All powder shown in recycled
condition except Ta which is shown in virgin condition. In the TiTa images the large dark
spheres are CP-Ti powder whilst the small light particles are Ta powder (agglomerated due to
being through the powder bed fusion process numerous times)
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3.4 Porous Structure Testing

By varying the laser parameters and scanning strategy, the energy delivered to the melt-
pool can be altered, this consequently will have an effect on the morphological and material
properties as well as the static and high cycle fatigue strength of porous structures. In addition
to this, how the base/parent material effects the mechanical properties of porous structures will
be investigated. The following sections describe the test methods used. Note: a unique
specimen refers to a specimen manufactured by a distinct combination of laser parameters, scan
strategy and material and /aser parameters is defined as a combination of any or all of the
following: laser power, exposure time, and where applicable duty cycle and number of repeated

exposures per point.

3.4.1 Morphological Analysis

A scanning electron microscope (Hitachi S-3400N) was used for imaging specimens
produced in this work. The characterisation structure was built with a large range of laser
parameters and scanning strategies and imaged. Strut thickness was then measured utilising
ImageJ [9]. For any successfully built specimen/strut, at least 10 measurements were taken
from a variety of struts per strut angle from both Plan (Top) and Elevation (Front/Side) views

(Figure 3.1). Measurements were then averaged, and this was deemed ‘strut diameter’.

For the stochastic porous structures, overall structure relative density per unique
specimen was measured by dry weighing in atmospheric conditions with n=5 (repeated with 5
different specimens). Relative density was calculated by dividing actual weight by the
theoretical weight of the macro volume using a density of 4.42 g/cm® for Ti6A14V ELI [10],
4.51 g/cm? for CP-Ti [11], 16.6 g/cm? for Ta [12], 5.71 g/cm? for TiTa [13] and 8.1 g/cm? for
SS316L [4]. A micro-CT (Bruker Skyscan 1172) was used to validate structure relative density
and to measure internal porosity (pores in struts) for select Ti64 and SS316L samples only.
Samples were scanned over a height of 5 mm with a 5 um resolution from approximately the
middle of the specimen. CT images were reconstructed and then analysed in CTAn 1.16.4.1

(Bruker N.V.).

To observe the microstructure of the stochastic porous structure specimens, samples
were sectioned parallel and perpendicular to the build direction with a diamond blade at low
force (Accutom-10, Struers), vacuum mounted, ground with 400, 800, 1200 and 2400 SiC
papers and polished with diamond suspensions of 6 and 1 um and a colloidal silica suspension

of 0.04 um. Grinding and polishing was performed on a Saphir 520. CP-Ti, Ti64 and TiTa
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specimens were etched with Kroll’s reagent, Ta specimens were etched with etchant 177 as per
ASTM E407. Samples were imaged via both optical microscope and SEM; SEM samples were

gold sputter coated prior to imaging.

For EBSD, if non-conductive cold mounting resins are used, there may be issues with
conductivity and charging. Whilst samples may be gold or carbon sputter coated this may effect
EBSD results. Alternatively, using conductive hot mounting resins often destroy porous
structures due to the high compressive forces and potentially do not fill all the pore spaces
because of the high viscosity of the resin. This dictated the design of the EBSD specimen. The
EBSD specimen was consequently hot mounted (Opal 410) on top of a 1° shim/wedge in a
conductive epoxy resin (Conducto-Mount 2) and ground with 320 grit SiC papers until multiple
struts were visible. The specimens were then ground and polished with 400, 800, 1200 and
2400 grit SiC papers, diamond suspensions of 6 and 1 pm and a colloidal silica suspension of
0.04 um. The EBSD specimens were not etched as EBSD requires a smooth flat surface.
Following preparation samples were placed on a stub with silver cement and a conductive silver
track was made from the specimen to the stub. Samples were tilted to 70° inside the SEM and
EBSD was performed with a Bruker e-Flash FS EBSD detector. Imaging was done at ~20mm
working distance at 456x magnification, 20kV accelerating voltage, with a EBSP map size of

400 x 300 pixels and a pixel resolution of 0.8 — 1 um.

3.4.2 Quasi — Static Testing

Quasi-Static compression testing was performed to ISO 13314:2011 [1] using a
materials testing machine (Instron 8872) equipped with either a 5 kN, 10 kN or 25 kN load-
cell depending on the specimen. Specimens were centred between hardened (>62 HRC —
Rockwell Hardness) lubricated platens, equipped with a spherical seating, and crushed at a
constant strain rate of ~0.1 strain/min. Note: As mentioned earlier, throughout this thesis all
measurements of stress, strain, modulus, strength etc. for porous structures refer to the entire
structure and are thus effective or apparent measurements, i.e. treating the structure as a
uniform material. These are not measurements of local stress or strain in the struts Stress or

strain measurements are engineering stress or strain and not true stress or strain.

For each unique specimen, a preliminary sample was compressed to 50% strain to
estimate the yield strength. To determine the mechanical properties per unique specimen (n=5),

samples were loaded to 50% strain with a hysteresis loop between 70% and 20% of the
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estimated yield strength (Figure 3.16) to account for the localised plasticity in porous structures

which reduces the slope of the initial loading curve [14].
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Figure 3.16 — Compression Stress-Strain curve of an AM stochastic porous structure (only
shown to 10% Strain)

0

.

Figure 3. 1 — mpression Test Setup

Displacement between the platens was measured at 30 Hz by two LVDTs (RDP
D6/05000A) to reduce test-machine compliance errors (Figure 3.17). Strain was the average
LVDT displacement (AL) divided by the specimen’s initial height (Lo). Stress (o) was the
measured load () divided by the specimen’s initial cross-sectional area (Ao), calculated from

the initial diameter of the specimen (2o).
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AL
€=— (Equation 3.1)
Lo
_ F _ F
°= A_o X 2 (Equation 3.2)
4

Stress-Strain curves were produced for each test; elastic modulus (£) was the linear
regression of the hysteresis loop whilst the yield strength (oy) is determined as compressive

stress at a plastic compressive strain of 1.0% relative to the elastic modulus (Figure 3.16).

3.4.3 Fatigue Testing

Compression — compression fatigue testing was performed to ISO 1099:2017 [15] using
a similar setup as for quasi-static testing except displacement between the platens was
measured by a single un-guided LVDT (RDP D6/05000URA) to be suitable for fatigue loading
(Figure 3.18).

TR
B 1 9 ctuator

Compression
Platens 1o LVDT

Figure 3.18 — Compression — Compression Fatigue Test Setup

A 250N, 1 kN or 5 kN load-cell was used depending on the specimen. Specimens were
tested in load control at a frequency of 15Hz (sinusoidal wave form) with an R=0.1 ratio
between the minimum stress and the test (or maximum) stress. Compressive strain as a function
of cycles was recorded and tests were ended either at 1 million cycles or final catastrophic
failure. Based on previous research, this was estimated as 5% strain (i.e. a 5% compressive

shortening from the specimen’s original height), in order to ensure specimens were not too
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damaged after failure to examine failure planes. The staircase method, as described in ISO
12107:2012 [16], was used to find mean fatigue strength at 10° cycles (Grs) and the standard
deviation (SDyy), with fatigue strength being defined as the highest stress the porous structure
can withstand for a given number of cycles (10° cycles) without failure. In the staircase method,
specimens are tested sequentially under increasing or decreasing test stresses based on survival
or failure of the sample, respectively. From the beginning, the last non-failure is the first data
point included in the analysis (Figure 3.19); following this a further 7 samples were tested, per
unique specimen. Thus only 8 data points were used for fatigue strength quantification,

limitations to this method will be discussed in Chapters 4 & 5.

Initial test stresses were chosen based on literature [10-12, 17] and for each unique
specimen the test stress was increased or decreased by a step size (d) of 1.25% of its yield
strength. Following collection of data, the data is rearranged to count the frequencies of failure
and non-failure of the specimens tested at different stress levels (Figure 3.19). Analysis is
performed for the events “failure” or “non-failure” for the group with the least number of
observations. The stress levels are arranged in ascending order by So<Si<...<S;, where i is the

number of stress levels and the number of events per stress level are tallied (f;,).

A 1 .
Grs = So + d(E + E) (Equation 3.3)
SDps = 1.62 X d(D + 0.029) (Equation 3.4)

Where

=1
!
B=) i’
i=1
!
C= fi
=1
BC — A?

In the equation for fatigue strength (Equation 3.3), the value of £1/2 is positive when the event

analysed is non-failure and negative when the event analysed is failure.
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Stress Sequence number of specimen
s
5 10 15
MPa
540 X
520 X (@] X (@]
500 X 0 (@]
480 o*
460 o*
X  for failure
for non-failure
* not counted
Stress Level Values
S, i 7 i 2,
MPa
540 2 2 4 8
520 1 3 3 3
500 0 2 0 0
Sum — 7 7 11

Figure 3.19 — A 15 specimen example of the staircase method of fatigue testing and data
collection from ISO 12107:2012 [16]

3.4.4 Build Time Measuring

Build time was calculated, via the build file generation software, for each unique

stochastic porous specimen and defined as all the scanning time including the laser firing time,

scanner and jump delays and processing delays; essentially the total time required to build a

single part except for physical powder dosing time (which would be constant between

specimens).
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3.5 InVivo Testing
In order to investigate the bone in-growth into a locally stiffness matched scaffold, in
vivo testing was performed in an ovine model. The surgical procedure to implant the scaffolds

and the test methods used to analyse the explants are detailed below.

3.5.1 Surgical Procedure

Six skeletally mature (older than 4 years) non-pregnant female sheep were enrolled in
the study. Ethical approval for this study was received from the United Kingdom Home Office
(Project License Number 70/8247). Study design and ethical approval was performed by Dr
Gordon Blunn, Dr Natalie Reznikov and Dr Oliver Boughton. Only one hind leg of each sheep
was used for this study, whilst the other hind leg was used for another study investigating
different scaffold material, architecture and stiffness as described in [18]. One scaffold
(diameter 16 mm, length 15 mm) was inserted into each hind leg, in the distal medial femoral
condyle (Figure 3.20). Of the six sheep, 3 right legs and 3 left legs were used for implantation
with the respective (left or right version) stiffness-matched scaffold.

Pre-operative antibiotics were given to each sheep and continued for 3 days
postoperatively (Cefalexin 1ml/25kg animal once a day). Under a general fentanyl anaesthesia
the distal medial femoral condyle was exposed and periosteum removed over the area of
implant insertion. A flat bottom @15x15mm cylindrical defect (1mm under-ream) through the
medial-lateral femoral axis was created by use of drills and reamers of increasing diameter
equipped with a depth gauge (Figure 3.20 and Figure 3.21). Simultaneously with the defect
preparation, a scaffold was centrifuged in 30 ml of animal’s blood (drawn from the jugular
vein) in a sterile test tube at 3000 RPM for 3 minutes to dislodge micrometer-scale air bubbles
from the surface of the scaffold. The centrifuged scaffold was press fit into the cavity by hand,
followed by gentle application of force from a surgical mallet. The surgery was performed by

Dr Gordon Blunn and Dr Oliver Boughton.
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Figure 3.20 — Implant Placement

Figure 3.21 — Implant Placement during Surgery

The wound was closed in 3 layers (fascia, subcutaneous soft tissue and then skin) using
resorbable sutures then covered with an aseptic spray (Opsite). Postoperatively, once a
swallowing reflex had been established, the animal was transferred back to a single pen with
straw bedding. The animals recovered in sternal recumbency and were allowed hay, food
concentrate and water as is the normal feeding regime. The sheep received analgesia for 60

hours post-operatively (Fentanyl 75 mcg patches). Oxytetracycline was administered by slow
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intravenous injection on day 28 postoperatively at 30mg per kg of body weight in order to tag
the site of active osteogenesis with a fluorophore and to quantify the rate of bone accretion
over the last two weeks of the in-life phase.
3.5.2 Explant Analysis

All animals were euthanised at six weeks post-operatively, six weeks was chosen in order
to make ingrowth comparisons to two studies. The first, an associated study, used uniform
modulus scaffolds both significantly stiffer and less stiff than the bone it would be replacing
[18] whilst the other was an empty defect study [19]. All studies had identical surgical sites.
For explant retrieval, the femur was disarticulated and its distal metaphysis was cut and
trimmed to the size of about 5 cm in all dimensions (Figure 3.22a). The samples were stored in

formalin at room temperature until analysis.

Figure 3.22 — Specimen retrieval: A) Distal Femur removed. B) Specimen trimmed around
scaffold and defect, mounted and sectioned.

3.5.2.1 Micro-Computed Tomography (micro-CT)

Tomographic imaging was conducted in an Xradia Versa 510 (Zeiss) at 140 kV, 70 pA
at 3201 projections and a pixel size of ~ 25 um by Dr Natalie Reznikov. The 3D reconstructed
tomographic images were segmented and analyzed using CT-analyser v.1.18.4.1 (Bruker
N.V.). Segmentation of the sample was performed in three steps. The defect (region of interest)
was delineated as a cylindrical volume around the diameter and length of the scaffold and a
three level multi-level Otsu segmentation was used to distinguish between the scaffold, bone
and other. As the CT scans revealed beam hardening, visible in a tomogram as a structureless
halo of higher pixel values around the titanium scaffold elements, a 2 pixel dilation was applied
to the scaffold segmentation and subtracted from the images prior to quantifying the new bone

ingrowth. This step labelling of bone based on the local grey values was necessary to avoid the
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inclusion of bright pixels around the metal elements that were not bone, but the effect of beam

hardening.

3.5.2.2 Microscopy

Post u-CT scanning, samples were dehydrated for embedding by immersing in
methylated spirits of increasing concentration (50%, 75%, 85%, 95% and 2x 100%) followed
by chloroform immersion for 24 hours, and then methylmetacrylate resin (LR White) for 72
hours. Following resin saturation, the accelerator was added and the blocks were polymerised
at low temperature (-20°C). The blocks were trimmed and then sectioned by cutting
perpendicular to the defect axis (medial-lateral axis) and therefore, parallel to the scaffold face
(Figure 3.22b).

For all the samples two central slices were prepared for microscopy. Slices were
mounted, ground and polished with one of the slices being thinned down to a thickness of
approximately 50um. The thinned sections underwent fluorescent microscopy, followed by
histological staining. Fluorescent microscopy was performed using a Zeiss Wide-Field light
microscope (WF3 Zeiss Axio Observer, Zeiss Germany). After fluorescent microscopy
toluidine blue and paragon were used to stain the samples to identify histological features.
Histological microscopy was performed identical to the fluorescent microscopy. The non-
thinned section was gold sputter coated and was imaged by scanning electron microscopy using

a back scatter detector (Hitachi S-3400N).
3.5.2.3 Grading of Scaffolds

For the assessment of peripheral and central osteogenesis in the defect a library was
created for independent scoring. It contained 2D images of virtual sections perpendicular to the
central axis of the cylindrical scaffold were taken at depth of 2, 5, 8, 11 and 14 mm from the
periosteal surface, five such sections from each of the 6 specimens. The peripheral and central
osteogenesis were scored on each image using a scale from 0 to 4 by three operators

independently, using a shared list of criteria (Table 3.1).
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Table 3.1 — Scoring criteria for bone formation at the bone-implant interface (periphery of the
defect) and within the interior of the implant and defect.

Score Bone-implant-interface Implant interior
(periphery of the defect)
0 No observed contact between implant outline No bone observed
and host bone
1 Partial bone contact along approximately one- Small specks of high density attributable to
third of the implant outline bone
2 Partial bone contact along approximately two- Small fine networks of woven bone or thin
thirds of the implant outline deposits on the scaffold struts
3 Complete circular contact between implant Substantial semilunar deposits of bone within
outline and host bone the pores or extensive networks of woven bone
4 Nascent bone engulfs the outer scaffold struts Massive amounts of well-defined bone in all
up to fully occupying the outermost tier of discernible pores of the scaffold
scaffold pores
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4 Chapter 4 — Influence of Laser Parameters and Scanning Strategies on

the Mechanical and Material Properties of Porous structures

The future of the generation of architectured materials is likely to move from solid CAD
modelling, which is computationally expensive, to line based representation. Therefore, the
relationship between laser parameters and scan strategy to strut thickness must be understood.
As stated earlier, there has been research that investigates the effect of laser parameters on AM
material properties, such as strut size [1-3], structure porosity or material density. However,
either a single laser parameter is explored in isolation [3] or an equation for ‘laser energy
density’ is used [1, 4, 5]. These models do not include important process variables, and
typically generate a process parameter window or a collection of data points with no distinct
trend when graphing a property such as strut thickness against the laser energy density [1, 6],
thus making it difficult to scale or predict values outside the tested experimental range [7].

They also tend to not look at the role of these process parameters on mechanical properties.

Therefore, this chapter will focus on whether different porous structures, having the same
strut thicknesses or same stiffness or relative density but manufactured from different laser
parameters or scan strategies, will have the same mechanical properties. This chapter will
investigate and quantify how the laser parameters and scan strategies influence strut thickness
and the mechanical and material properties of porous structures, specifically looking to
maximise the strength and fatigue strength of a structure for a given stiffness and whether any
trends found are material specific. Ti64 and SS316 will be used as the materials investigated
to see if laser parameter and scanning strategy trends are material specific. Fatigue testing and
microstructural characterisation will only be performed on Ti64, as whilst SS316 is a cheap
and useful material to explore trends and phenomena in AM its application as a porous bone

in-growth scaffold is limited.
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4.1 Materials and Methods
4.1.1 Evaluation of Characterisation Structures

By varying the laser parameters and scanning strategy, the energy delivered to the melt-
pool can be altered to produce struts of different diameters. For the contour and points strategy,
per laser power explored, five values of exposure time were chosen from the given range. For
the pulsing strategy, two exposure times were selected at 50 W and 200 W each and five values
of repeated exposures per point were chosen from the given range. Thus 20 laser parameters
per material per scanning strategy were manufactured and analysed giving 120 unique
specimens total (Table 4.1). As detailed in Chapter 3, the structures were imaged using a

scanning electron microscope and analysed via Imagel. Raw data can be found in Appendix

A.

Table 4.1 — Evaluation of Characterisation Structures Study Design and Manufacturing

Conditions
Test Evaluation of Characterisation Structure
Materials Ti64, SS316
Scanning Strategies Contour, Points, Pulsing
Laser Power (W) 50, 100, 150, 200
Exposure Time (ps) 20 - 2800
Duty Cycle' 50%
# of Repeated Exposures’ x2 - x20)
Point Distance (um) 50
Layer Thickness (um) 50
Laser Parameters’ per test variable 20
Unique Specimens’® 120
Repeats per Parameter Set 1
Total # of Specimens Tested 120

'Applicable for the Pulsing Strategy only

A combination of any or all of the following: laser power, exposure time, and where applicable duty
cycle and # of repeated exposures per point

3 A specimen manufactured by a distinct combination of laser parameters, scan strategy and material

4.1.2 Evaluation of Stochastic Architectured Porous Structures

4.1.2.1 Effect of Laser Parameters and Scanning Strategies on Quasi-Static Strength
and Material Properties

Altering laser powers can cause differences in phenomena such as spatter ejection,
volatility of the melt-pool and cooling rates. A coarse optimisation of laser powers was
performed based on the maximum and minimum power the AM machine can reliably produce,
with the maximum laser power of the machine being 200W and 50W being deemed an
acceptable reliable minimum. A minimum of five unique samples were built at both low power

(50 W) and high power (200 W) with exposure time and pulsing parameters (for the pulsed
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strategy) altered for all three strategies (points, contour and pulsing) for both Ti64 and SS316,

thus giving at least 60 unique specimens.

The number of specimens built and tested are listed in Table 4.2. The same input
geometry was used to generate all specimens with changes in strut diameter and thus specimen
relative density and modulus being solely controlled by the laser parameters and scan strategy.
Overall structure relative density was measured by dry weighing, as described in 3.4.1, for all
unique specimens with n=5. Internal porosity was measured by u-CT scanning on 4 unique
specimens per laser power per scanning strategy for both materials and a single sample of each
type was scanned. Quasi-Static compression testing was performed as described in 3.4.2 with
5 repeats per unique specimen. Laser parameters for every manufactured specimen can be
found in Appendix B.

Table 4.2 — Stochastic Porous Structures quasi-static Testing Study Design and
Manufacturing Conditions

Test Qua]s;eits?:;cTSésltlizlgatlve p-CT Scanning
Materials Ti64, SS316
Scanning Strategies Contour, Points, Pulsing
Laser Power (W) 50, 200 | 50, 200
Exposure Time (us) 20 - 2800
Duty Cycle' 50%
# of Repeated Exposures' x2 - x20
Point Distance 50
Layer Thickness (um) 50
Laser Parameters’ per test 10 4
variable
Unique Specimens® 60 24
Repeats per Parameter Set 5 1
Total # of Specimens Tested 300 48

'Applicable for the Pulsing Strategy only

A combination of any or all of the following: laser power, exposure time, and where applicable duty
cycle and # of repeated exposures per point

3 A specimen manufactured by a distinct combination of laser parameters, scan strategy and material

4.1.2.2 Effect of Laser Parameters and Scanning Strategies on High Cycle Fatigue
Strength and Microstructure

Due to the testing time required to measure fatigue strength to 1 million cycles, the

number of variables tested needed to be limited compared to quasi-static testing. Therefore,

only Ti64 would be used as the base material and as before, the same input geometry was used

to generate all specimens with changes in strut diameter and thus specimen porosity and

modulus being solely controlled by altering the energy delivered to the melt-pool via the laser

parameters and scan strategy. To investigate the effect of laser parameters on high cycle fatigue
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strength, 4 unique samples were built with a single strategy (points) at both low power (50 W)
and high power (200 W) with exposure time being altered (Table 4.3) and were fatigue tested.
The laser power used to manufacture specimens that produced structures with the greatest
fatigue strength for a given stiffness would then be used to manufacture specimens in the
remaining strategies (contour and pulsing) to determine the effect of scan strategy on fatigue
strength (Table 4.3). Again 4 unique specimens per strategy were built and tested.
Microstructure and EBSD was performed on 1 unique specimen for each of the fatigue testing
test variables (low power vs. high power and points vs. contour vs. pulsing) as described in

3.4.1. Laser Parameters for every manufactured specimen can be found in Appendix B.

Note: All specimens fatigue tested were of the same laser parameters (i.e. same unique
specimen type) that had been pu-CT scanned. Therefore quasi-static properties, relative density
and internal porosity for all unique specimens fatigue tested were taken from the results of

4.1.2.1.

Table 4.3 — Stochastic Porous Structures fatigue Testing Study Design and Manufacturing

Conditions
Test Effect of Laser Power on Effect of Scan Strategy on
Fatigue Strength Fatigue Strength
Materials Ti64
Scan Strategy Points Contour, Points, Pulsing
Laser Power (W) 50, 200 50
Exposure Time (us) 20 —2000
Duty Cycle! - 50%
# of Repeated Exposures’ - x2 - x20
Point Distance (um) 50
Layer Thickness (um) 50
Laser Parameters’ per 4
test variable
Unique Specimens’® 8 12
Repeats per unique 3 ]
specimen
Total # of Specimens
Tested 64 o6

'Applicable for the Pulsing Strategy only

2A combination of any or all of the following: laser power, exposure time, and where applicable duty
cycle and # of repeated exposures per point

3 A specimen manufactured by a distinct combination of laser parameters and scan strategy
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4.2 Results
4.2.1 Evaluation of Characterization Structures

Struts ranging in build angles from 90° to 15° were successfully manufactured in both
materials for all 3 scanning strategies. Table 4.4 lists the minimum strut diameter produced
successfully for each scanning strategy per material whilst Table 4.5 lists the laser parameters
used to produce the minimum strut diameters.

Table 4.4 — Minimum Strut Thickness (Values are average Strut Thickness + S.D).

Superscripts refer to the Laser Parameters used to produce minimum strut thickness as
detailed in Table 4.5.

Strut Thickness (mm)

Build Angle 90° 60° 45° 30° 15°
Ti64 — Points 0.1424+0.014! | 0.153+0.014! 0.153+0.014! 0.174+0.0172 0.219+0.0262
Ti64 — Pulsing 0.154+0.020° | 0.161+0.014° 0.164+0.0203 0.168+0.0203 0.224+0.0223
Ti64 — Contour 0.151£0.020* | 0.16440.020* 0.163+0.014* 0.178+0.010* 0.236+0.029°
SS316 — Points 0.133+£0.007° | 0.147+0.020° 0.145+0.009° 0.168+0.012¢ 0.218+0.0397
SS316 — Pulsing 0.130+£0.011* | 0.150+0.0128 0.154+0.009% 0.174+0.017% 0.224+0.024°
SS316 — Contour | 0.137+0.012'° | 0.164+0.019'° | 0.152+0.009'° | 0.172+0.017'° | 0.238+0.013'°

Table 4.5 — Laser Parameters used to produce minimum Strut Thickness (minimum specific
enthalpy) to build successful structures.

Laser Exposure ?omt Equivalent Laser | # of Repeated Duty
Power Time (us) Distance Speed (m/s) Exposures Cycle
W) (nm)
1 50 200 50 0.24 N/A
2 50 400 50 0.12 N/A
3 50 50 50 0.83 x5 | 50%
4 50 50 50 0.83 N/A
5 50 100 50 0.45 N/A
6 100 100 50 0.45 N/A
7 50 800 50 0.06 N/A
8 50 50 50 0.83 x10 50%
9 50 100 50 0.45 x6 50%
10 100 80 50 0.56 N/A

Increasing specific Enthalpy (Equation 2.2) resulted in an increase in melt-pool size and thus
an increase in strut thickness (Figure 4.1 and Figure 4.2). At low specific enthalpies, the melt-
pool size is not large enough to consistently melt to the layer below or surrounding features
(particularly for low angled struts) and thus the characterisation structure will either be non-
existent or will contain broken struts (Figure 4.1). As specific enthalpy increases so does the
‘stability’ of strut elements as does the weld-neck and the quantity of semi-fused particles
(Figure 4.2). Specific enthalpy values for the laser parameters listed can be found in Appendix

A.
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Insufficient enthalpy to build a Minimum enthalpy to build a Increasing Enthalpy =>
successful structure successful structure Thicker Struts

E mm

Figure 4.1 - SEM images of characterization structure for 1ncreasng enthalpy. Top row: 90°,
60° and 45° struts. Bottom row: 90°, 30° and 15° struts. Orange arrows indicate vertical build
direction
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enthalpy ., iy neck equal to strut
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m  Imps

igur 42— SEM images of Characterization Structure Struts for inreasmg Enthalpy and
different build angles. Orange arrows indicate vertical build direction

The relationship between specific enthalpy and strut thickness was found to be linear for all
materials, scanning strategies and build angles (Figure 4.3). The relationship was found to be
more accurate when specific enthalpy was calculated with actual laser power and exposure

time (not requested power and time) as measured by the process monitoring equipment.
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Figure 4.3 — Strut Thickness vs. Specific Enthalpy Plots for a) the Points Strategy in SS316
(also typical for the Pulsing Strategy) and b) the Contour Strategy in Ti64. Plots are typical
for both materials. Due to high number of data points and for graphical clarity, error bars not
shown. Average S.D. for strut thickness measurements was 0.018mm. The laser parameters
associated with these specific enthalpy values can be found in Appendix A.
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4.2.2 Mechanical Testing of Stochastic Porous Structures

Manufactured stochastic porous specimens (Figure 4.4) had relative densities ranging
from 5 — 25% and moduli of 0.2 — 4.5 GPa for Ti6Al4V ELI and 0.3 — 5 GPa for SS316. All
samples had the same structure, with different porosity and modulus a result of varying strut
thickness by altering the energy delivered to the melt-pool via the laser parameters and scan

strategy.

5 mm ) \ .
|~ W Imperial 15.0kV 56.0mm x9 SE

Figure 4.4 — Stochastic Porous Structure

Typical stress-strain plots for both materials are seen in Figure 4.5. Ti64 exhibited a
relatively brittle failure mode whilst SS316 exhibited a ductile failure mode. Figure 4.6 depicts
the failure mechanisms of the stochastic structures under compressive load. The structures
behaved like a continuum and did not fail on a row by row basis which is an advantage of the

stochastic structure compared to some repeating unit cell designs.

50 50
Tie4d i S$5316
40 40
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0 L I L 1 L 1 L 1 L 0 . 1 N 1 . 1 . 1
0% 10% 20% 30% 40% 50% 0% 10% 20% 30% 40% 50%
Strain Strain

Figure 4.5 — Typical Porous structure Stress-Strain Curves for Ti64 and SS316. Ti64 exhibits
relatively brittle failure whilst SS316 exhibits more ductile failure. Curves shown for
specimens with a 3.3 and a 3.5 GPa modulus respectively, and without hysteresis loops to
50% strain.
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Figure 4.6 — Failed porous structures during quasi-static testing with a ~3.0 GPa modulus

A power-law relationship was modelled between yield strength and modulus (Figure
4.7 and Figure 4.9) as suggested by Gibson and Ashby [8, 9] regardless of material, laser
parameter and scanning strategy. This will be discussed in greater detail in Section 4.3.1. R?
values for all curve fits were 0.99 and error bars on plots (Figure 4.7 and Figure 4.9) are
standard deviations. Linear scaled axes are used throughout to better visualise the differences
between datasets/trend-lines. Ti64 samples built at 50 W have up to 10% higher
strength:modulus (oy:E) ratio than those built at 200 W (Figure 4.7a), with the average
difference being 7.9+0.2%. The opposite phenomenon is seen for SS316, where samples built
at 200 W have up to 10% higher oy:E ratio than those built at 50 W (Figure 4.7b), with the
average difference being 8.0+0.1%. For both materials, these relationships were consistent for
all scan strategies (contour, points, pulsed). Internal porosity (®) was found to increase with
modulus or relative density and was significantly lower for samples built at 50 W than at 200
W, this was true for both materials and all scan strategies (Figure 4.8). A power-law
relationship is observed between yield strength and relative density and between modulus and

relative density, as seen in Appendix B.
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Figure 4.7 — Compressive yield stress & internal porosity (@) vs. Modulus Plots for the Points
Scan Strategy. For each material, two separate curves/points are seen, one for samples built at
50W and one for samples built at 200W, with increase in strut diameter and thus

modulus/density being controlled by an increase in exposure time.
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at Laser Powers of 50 W and 200 W. For a given Modulus (E) and Density (p), greater
Internal Porosity (@) is observed (circled in red) in samples built at 200 W for both Ti64 and
SS316.

Selecting the optimum laser power for each strategy in terms of strength (i.e. samples built
at 50 W for Ti64 and samples built at 200 W for SS316) and plotting the compressive yield
strength vs. modulus; it was found that at low stiffness (<1.5 GPa) the oy:E ratio is similar for
all three strategies but as stiffness increases the contour strategy produces samples with the
highest oy:E ratio, then the points strategy then the pulsing strategy(Figure 4.9). For Ti64 the
contour strategy produced structures with a greater strength for a given modulus, on average
5.2+1.4% greater than the points strategy and 6.9+1.5% greater than the pulsing strategy. In
SS316 the contour strategy produced structures with a greater strength for a given modulus on
average 2.9+1.7% greater than the points strategy and 4.8+1.7% greater than the pulsing
strategy. For both materials the difference between the contour and other strategies increases
with increasing modulus. No discernible variation in internal porosity was observed between
samples built via the points and contour strategy for either material, however the pulsing
strategy had significantly more porosity than the other scanning strategies in both Ti64 and

SS316.
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Figure 4.9 — Scan Strategy Comparisons on Compressive Strength & Internal Porosity (@) vs
Modulus Plots. At low modulus values scan strategy did not affect the oy:E ratio, but as
modulus increases the contour strategy produced samples with the highest oy:E ratio.

Build time was found to vary linearly with relative density and modulus for all scanning

strategies. The points strategy offered the fastest build time, double the speed of the Pulsing

strategy and 20% faster than the contour strategy.
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4.2.3 Effect of Laser Parameters and Scanning Strategies on High Cycle Fatigue

Strength

All Ti64 specimens fatigue tested in this work exhibited 3 stage fatigue failure behaviour,

regardless of laser parameter or scan strategy used during the manufacturing process (Figure

4.10). For all specimens, angled crush bands (fracture planes), characteristic of porous

structures [10, 11], were observed; likely following the weakest planes of the stochastic porous

structure. Extensive cracking and fracture was observed at or near nodes and plastic

deformation of struts was not evident (Figure 4.11). Regardless of laser parameters or scanning

strategies used, no differences were observed in failure modes.
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Figure 4.10 — Typical Compressive Strain vs. Cycles-to-Failure Curves for specimens
without (left) and with (right) failure.
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Figure 4.11 — SEM Images of a fatigue failed Ti64 specimen. Extensive cracking and fracture
was observed at or near nodes, as indicated by arrows. Plastic deformation of struts is not
evident. Higher magnification of the circled area is also seen. Build direction for both images
is vertical.

5.00mm Imperial 20.0kV

e

21.8mm x40 SE

97



Chapter 4

Ti64 samples built at SOW exhibited a higher fatigue strength at 10° cycles than those
built at 200W by 7.0+£0.2% (Figure 4.12 and Table 4.6 ). As per [11], a power-law trend is

modelled between fatigue strength and modulus for both laser powers. This will be discussed

in greater detail in Section 5.3.2. To explore the effect of scan strategy on fatigue strength,

samples were built in Ti64, all with a 5S0W laser power, as this produced structures with the

greatest fatigue strength (Figure 4.12a). The contour strategy produced specimens with the

greatest fatigue strength at 10° cycles for a given stiffness, 8.4+2.4% greater than the points or

pulsed strategy (Figure 4.12b and Table 4.6). No significant difference was observed between

the points and pulsed strategy. A power-law trend is again modelled between fatigue strength

at 10% cycles and modulus regardless of scan strategy used.

Table 4.6 — Effect of Laser Parameters and Scan Strategy on the Mechanical Properties of a
Ti64 Stochastic Structure (Values are mean = S.D.)

Specimen Modulus Yield Strength | Fatigue Strength | Relative | Internal
(GPa) (MPa) (MPa) Density | Porosity
0.3+0.0 3.6+0.1 0.5+0.1 9% 0.00%
Points 1.2+0.0 16.4+0.3 2.5+¢0.2 12% 0.01%
(50W) 2.6+0.0 35.4+0.8 5.3+0.5 18% 0.01%
3.5+0.1 48.3+1.7 7.2+0.7 21% 0.09%
0.5+0.0 5.54+0.2 0.8+0.1 10% 0.02%
Points 1.4+0.1 17.0+£1.3 2.5+¢0.2 15% 0.2%
(200W) 2.740.1 35.5+0.7 5.3+£0.5 18% 0.34%
3.2+0.1 42.1+0.9 6.3+0.6 20% 0.34%
0.7+0.0 10.2+0.1 1.5+0.1 10% 0.01%
Contour 1.4+0.0 19.8+0.1 3.0+0.3 12% 0.01%
(50W) 2.3+0.0 32.8+0.3 4.9+0.5 16% 0.01%
3.3+0.0 48.5+0.3 7.3+0.7 20% 0.02%
0.3+0.0 4.6+0.1 0.6+0.1 8% 0.01%
Pulsing 1.1£0.1 15.9+0.6 3.2+0.2 12% 0.01%
(50W) 2.1+0.0 28.6+1.0 4.3+0.4 18% 0.11%
3.5+0.1 41.3+2.6 7.2+0.6 27% 0.23%
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Figure 4.12 — Effect of Laser Parameters (a) and Scanning Strategy (b) on High Cycle
Fatigue Strength (10° Cycles) for Ti6Al4V ELIL R? values for all curve fits were 0.99. For

clarity error bars are not shown, however standard deviations for all values are given in Table
4.6.

4.2.4 Effect of Laser Parameters and Scanning Strategies on Microstructure
Differences in mechanical properties, namely strength:stiffness and fatigue
strength:stiffness as well as differences in internal porosity have been observed for stochastic

porous specimens produced by different laser parameters and scanning strategies. A cause for
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strength:stiffness and fatigue strength:stiffness ratios changing between test variables may be
due changes in microstructure. Microstructure was observed by optical microscopy and SEM,
with all specimens analysed having similar moduli (3.2 - 3.5 GPa) and relative density but built
with different laser parameters and scanning strategies (Appendix B). All specimens exhibited
semi-sintered particles on strut surfaces, texture lines between build-layers and/or melt-pools
and microstructural heterogeneity (Figure 4.13, Figure 4.14 and Figure 4.15). The
microstructure of all specimens was also typical of as-built LPBF Ti64. Specimens exhibited
acicular (needle like) o’ grains in larger prior  grains, with the o’ martensitic needles generally
observed to be inclined at about 40° with respect to the build direction. For the optical
microscopy, the etchant used causes the alpha phase (a”) of titanium to appear white, whilst
inter-granular beta structure and beta grains will be darkened (Figure 4.13 and Figure 4.14).
The microstructure appears to be different with both laser parameter and scanning strategy
used, as well as strut angle and nodal connectivity for sections parallel and perpendicular to the
build direction. The most evident difference in the microstructure images is differences in
texture. Specimens built at low power appear to have a much stronger texture than those built
at high power, with the low power specimens exhibiting columnar prior § grains through the
build height, which grow epitaxially through successive layers along the build direction (Figure
4.13) whilst high power specimens exhibit more equaixed prior B grains. The grains of the high
power structure also appear to be in groups with more randomised orientation. Equiaxed prior

B grains are seen in sections parallel to the build plate (Figure 4.14).
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Figure 4.13 — Microstructure of Ti64 specimens at varying laser parameters and scanning
strategies parallel to build direction. Typical prior B grains indicated (Build direction is
vertical in all images).
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Figure 4.14 — Microstructure of Ti64 specimens at Varyin laser parameters and scanning
strategies perpendicular to build direction. Typical prior B grains indicated, pores arrowed.
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Figure 4.15 — SEM Microstructure of Ti64 specimens at varying laser parameters and
scanning strategies parallel to build direction (Build direction is vertical in all images).
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The challenge in analysing metallurgical slices of stochastic structures is that often it is
difficult to analyse the exact same section of the structure and make conclusions regarding
differences in grain size, grain morphology, texture etc. Therefore EBSD was performed on
single struts to see whether the microstructural differences observed in the optical and SEM
images would also be found by EBSD. The EBSD specimen contained single struts of ~10mm
tall spaced 1mm apart. The laser parameters were identical to those used for the microstructure
analysis of the stochastic porous structure, i.e. laser parameters and scanning strategies that
produced structures with a similar modulus (3.2 - 3.5 GPa) and relative density (Appendix B).
Specimens were ground and polished back to the centre of a single strut as described in 3.4.1
and imaged by SEM and EBSD. A portion at the midpoint of the struts height was analysed
(Figure 4.16).

o« dm A ’A‘\i
Micr. image+IPFZMap MAG: 456x HV: 20
Px: 1.00 pm

Micr. image MAG: 456x HV: 20kV  WD: 20.6mm  Px: 1.00 pm

Figure 4.16 — SEM image of a single strut (left) and with an EBSD crystal orientation map
overlaid (right)

The EBSD inverse pole figures (Figure 4.17) confirm the findings from the optical
imaging. It is shown that there are clear differences in texture depending on the laser parameters
and scan strategy used. High laser powers (Points 200 W) result in weak textures whereas the
low laser power (Points, Contour and Pulsing 50 W) results in elongated columnar prior 3
grains and stronger textures. The pulsing scan strategy results in the strongest textured
specimen as evidenced by the greater uniformity of colour in the inverse pole figure (Figure
4.17). This is to be expected due to the repeated directional melting and solidification. The
contour strategy produced specimens with 2" strongest texture followed by the points strategy.
This is also highlighted by the pole figures (Figure 4.18) where the weaker the texture the more
of the pole figure will be coloured in whereas stronger textures are characterised by fewer

concentrations of crystal orientations
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F1gure 4 17— EBSD orlentatlon maps (1nverse pole ﬁgures) of T164 spemmens at Varylng
laser parameters and scanning strategies parallel to build direction. (Build Direction is
vertical in all images). Columnar grains are seen for all 50 W specimens. Greater uniformity
of colors reflects stronger texture whereas the 200 W sample is characterised by a greater
variety of colour and grains in many orientations. Refer to Figure 4.19 for crystal orientation
colour reference
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Figure 4.18 — EBSD Pole figures for Ti64 specimens at varying laser parameters and
scanning strategies parallel to build direction.
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(1010)

(0001) (1210)
Figure 4.19 — Colour Code representing the crystal orientation for titanium

Grain size, grain morphology (aspect ratio and shape factor), grain angle and quantity of
phases present varied depending on laser power or scan strategy used. Indicating that for a
given strut thickness, or structure modulus/relative density altering the thermal history of the
melt pool or part results in changes in microstructure for porous structures. However, as the
EBSD imaging had a relatively low hit rate (on average ~80%), phase maps, grain images,
grain size, grain angle and gain aspect ratio measurements are only presented in Appendix C
due to lack of confidence. Furthermore both a larger area would have to be analysed as well as
validating EBSD pixel size to be confident grain size measurements are accurate and
statistically reflected the entire sample. Further development of sample preparation, polishing
and EBSD analysis is therefore required for porous specimens to get more complete

microstructure data.
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4.3 Discussion
4.3.1 Optimisation of the mechanical properties of architectured structures

This study demonstrates how build strategy and laser parameters affect mechanical
properties of an AM architectured structure for a given stiffness or relative density. The
optimum rate of energy delivered to the melt-pool for maximising strength for a given stiffness
was found to be material dependent. Structures built in Titanium (Ti6Al4V ELI), were 10%
stronger when built at low power (50W) than at high power (200W); the opposite trend was
seen for structures built in Stainless Steel (SS316L). This was found for all scan strategies.
When the optimum rate of energy delivery was selected for each scan strategy, it was found
that as stiffness increased the Contour Strategy produced samples with the highest oy:E ratio,

then the Points Strategy then Pulsing.

The mechanical properties and behaviour of the stochastic material was as expected.
Strength (o) increased with relative density (p) by a power law, as described by Gibson and
Ashby (Equation 4.1) [8, 9]. This relationship has been found to be true for AM structures by

a number of authors [12, 13].

4 p\" )
—=( (—) Equation 4.1
0o Po

They also found modulus (E) to increase with relative density by a power law (Equation 4.2)

E C (p)m Equation 4.2
— = — uation 4.
Ey 2 Po a

Where a9, po and Eyare the properties of the base material (i.e. solid titanium or stainless steel)
and C, m and » are constants found experimentally. It is important to note these equations are
only accurate to a relative density of 0.3 [9]. The power-laws described by Equation 4.1 and
Equation 4.2 were also found to accurately model the relationship between strength and relative
density and between modulus and relative density for the stochastic porous structures produced
in this research as seen in Appendix B. Interestingly the values of m and n were seen to be very
close to each other and consequently when Equation 4.2 is substituted into Equation 4.1 for
relative density, a relationship between strength and stiffness is obtained, as seen in Equation
4.3. This is the same relationship as the trend lines seen in Figure 4.7 and Figure 4.9. As the
values for n and m are very close, the exponent of n/m is very near to 1 which is why the trend

lines seen in Figure 4.7 and Figure 4.9 appear linear.
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Brittle failure was seen for structures built in Ti64, whilst a ductile failure mechanism
was observed for the Stainless Steel specimens tested in this study (Figure 4.5 and Figure 4.6).
The titanium structures had far superior strength for a given stiffness (approx. 2x) compared to
the stainless steel structures. The Ti64 structures are also in the range of strength of cancellous
bone for the same stiffness [14] which is highly encouraging for their adoption in new

orthopaedic devices.

4.3.2 Effect of laser parameters and scanning strategies on material properties

This study highlights that the strength of AM architectured materials is a factor of many
variables, including, structure relative density , internal porosity, microstructure, quality of the
strut junctions, strut thickness, weld-neck thickness and surface finish [2, 9]. Figure 4.7 and
Figure 4.9 illustrates that as structure modulus and relative density increases, due to an increase
in specific enthalpy (struts getting thicker), so does the internal porosity. This is corroborated
in literature, as researchers have shown that for changing a single laser parameter (i.e. power,
scanning speed etc.) whilst keeping all others constant results in a curve for internal porosity
with three distinct regions: a decreasing negative gradient region, a minimum (zero gradient)
region and an increasing positive gradient region. At low enthalpies (negative gradient region)
there is insufficient energy/heat to cause full melting of the powder particles and there is a lack
of melt-pool overlap resulting in porosity. As enthalpy or laser energy increases (going from
the minimum region to positive gradient region) eventually excessive heat and energy will
cause increasing porosity due to excess evaporation and ablation of powder, denudation zones,
keyhole porosity and a volatile turbulent melt-pool which results in splashing of molten
material [3, 6, 15]. Only the minimum region and positive gradient region of the internal
porosity curves were observed in Figure 4.7 and Figure 4.9. This was because unlike for AM
solids, if there was not enough energy to cause full melting of the powder particles, a porous
AM structure would not successfully build for the scanning strategies, laser parameters and

strut thicknesses explored in this research (Figure 4.1).

For a given structural modulus, differences were observed in internal porosity depending
on the laser power and scan strategy used. Maintaining a constant enthalpy whilst changing the
laser parameters or scan strategy does not result in a constant internal porosity (Figure 4.8).
This was also found to be true for solid Ti64 [6] and SS316 [16] parts, where researchers varied

the laser power and scanning speeds whilst maintaining a constant enthalpy; which resulted in
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variations in internal porosity. This is likely due to melt-pool turbulence and volatility not being
constant with the quantity of energy delivered but varying with the rate and manner with which

energy is delivered by the laser to the melt-pool. [3, 17]

Figure 4.7 and Figure 4.9 also highlight that in quasi-static compression testing of porous
architectured materials, internal porosity in struts was not solely responsible for variations in
strength between samples built at different powers or with different strategies. Changes in the
laser parameters and scan strategy used during manufacture affects the thermal history of the
melt-pool and therefore the microstructure of the material [17]. This was initially thought to be
seen in the microstructure images (Figure 4.13, Figure 4.14 and Figure 4.15) and consequently
confirmed by EBSD (Figure 4.17), where distinct differences in texture and likely grain
characteristics (size/morphology/angle) and quantity of phases present were seen depending on
laser parameter and scanning strategy used. Thermal strain hardening may also be present,
particularly for SS316. The same is seen in literature for both solid [5, 18, 19] and porous [3]
AM materials, where changing the laser parameters and scanning strategies resulted in changes
in microstructure and consequently changes in strength. Farshidianfar et al. [20] built SS316
samples with constant energy density (Equation 2.1) but different laser parameters via blown-
powder laser AM. Between samples, they observed variations in peak and average melt-pool
temperatures, time spent at peak temperature and cooling rates during solidification and
subsequently different microstructures were seen in each sample. Li et al [19] compared pulsed
versus continuous build strategies and found that the pulsed-wave strategy had double the
cooling rate which resulted in finer columnar microstructure when compared to the continuous-
wave strategy. Furthermore, there is a breadth of AM research establishing the effect of the

microstructure obtained after processing on the mechanical properties of AM parts [17].

In this study, structures with a given modulus but built by different laser parameters or
scanning strategies had differences in strength caused by a combination of variations in internal
porosity and microstructure. Brittle materials (Ti64) were likely more sensitive to internal
porosity than ductile materials (SS316). The grain size, grain morphology, quantity of phases
and texture will all contribute to a materials strength as they will affect how cracks propagate
and thus alteration to the microstructural characteristics will result in changes in strength. For
both materials at a given modulus or enthalpy, samples built at 50 W, had lower internal
porosity, due to less melt-pool turbulence and volatility, than those built at 200 W [3, 17].
Whilst this translated to samples built at 50 W having greater strength in Ti64, it was not the
case in SS316. The greater strength of specimens built at 200 W versus 50 W in SS316 would
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therefore be driven by differences in microstructure rather than by internal porosity. The
opposing trends observed for Ti64 and SS316 (Figure 4.7) with respect to optimum laser
power, can also be attributed to differences in the absorbtivity, melting point, boiling point,
thermal conductivity and density of the materials with respect to melt-pool thermal history and
grain and phase structure development. Particularly Ti64’s lower density, lower thermal
conductivity and higher absorptivity means titanium absorbs more laser energy in a given time

whilst the melt-pool heat conducts away slower when compared to stainless steel.

There was no discernible variation in internal porosity between samples built via the Points
and Contour strategy for either material, however the Pulsing strategy had significantly more
porosity than the other scanning strategies. SEM and micro-CT imaging did not reveal any
large differences in surface finish or quality of strut junctions between strategies. Therefore,
the greater strength of specimens built by the Contour strategy at higher stiffness or relative
density can be attributed to variations in microstructure (texture, grain size, grain morphology,
grain angle, quantity of phases present etc.). It has also been seen for solid AM parts that
scanning strategy affects the thermal history of the melt-pool which consequently alters

microstructure and strength [17-19].

As stated earlier, at low stiffness or minimum to very thin strut thicknesses, no variation
was observed between the strength of the porous structures manufactured by the 3 scan
strategies. This can be attributed to a change in failure mechanics and low effective or specific
metal strength of the structure [2, 3]. This is because at very thin strut thicknesses there exists
very small weld-necks between melt-pools (Figure 4.2) and poor quality strut junctions and
there is premature failure due to these defects and therefore the differences in strength due to
microstructure or porosity are not as visible.

4.3.3 Effect of Laser Parameters and Scanning Strategies on High Cycle Fatigue
Strength

The mechanisms of how laser parameters and scanning strategies affect the microstructure
and internal porosity of AM materials are becoming more established. Changing cooling rates
of the melt-pool depending on laser interaction as well as the cyclic thermal history will affect
microstructure. Insufficient energy or volatility and turbulence due to excessive energy in the
melt-pool is one of the main drivers of internal porosity [20-26]. The effect of microstructure,
internal porosity and surface finish (i.e. crack initiation sites) on fatigue is also well understood

[27-30].
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Statically it was seen that that for Ti64, specimens built at a low power (50W) exhibited
higher strength than those built at a high power (200W) for a given stiffness by approximately
10% [26]. This difference was attributed to reduced internal porosity for the SOW samples and
differences in microstructure. This has also been seen in other studies, where solid samples
were built at low and high laser powers which resulted in changes in average grain size, grain
size distribution and microstructural texture and consequently differences in static mechanical
properties were observed [21]. This study demonstrates that the laser parameters also affect the
high cycle fatigue strength of AM porous structures. The Ti64 samples built at SOW exhibited
a higher fatigue strength at 10° cycles than those built at 200W by 7% (Figure 4.12). This can
be attributed to a reduction in internal porosity for the S0W specimens [29] and differences in
microstructure (Figure 4.17 and Figure 4.18) [30]. It was initially hypothesised that the static
strength differences between the low and high power samples would be exacerbated in fatigue
[26], however this was not the case. As no observable differences were seen between the
surface finish of specimens built with a low or high power specimens, and they were both
characterised by an abundance of semi-sintered particles and texture lines between build-layers
(Figure 4.2), it is likely that porous AM Ti64’s high sensitivity to defects and brittle nature [10,

31] makes it more sensitive to surface crack initiation than internal porosity [27, 29].

When investigating the effect of scan strategy on a porous structure’s static strength-to-
stiffness ratio, it was seen that building with a contour strategy produced structures with the
greatest strength for a given stiffness (Figure 4.12), when compared to the points and pulsing
strategies [26], and this remains true during high cycle fatigue testing. As with the laser power
investigation, these differences can be attributed to reduced internal porosity for the contour
strategy and microstructural differences [29]. There was possibly also some minor structural
differences between structures built via different scan strategies, such as quality of strut
junctions, weld-neck thickness and surface finish/roughness however they were not
discernible. It has been seen that the method and rate of energy delivery when building AM
parts affects microstructure and consequently mechanical properties [3, 5, 26], however this
work has been exclusively done on solid parts and specimens were only tested statically. This
work represents the start of research on the effect of different as-built microstructures caused

by altering the laser parameters on fatigue strength for AM specimens.

4.3.4 Validity of the Specific Enthalpy Model
This study has also shown that strut thickness in a porous structure can be driven by laser

energy alone, and the specific enthalpy model provides a good relationship for strut thickness.
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This means that a single line-based geometrical definition of a part can be assigned different
thickness, stiffness, strength or density by building it with the appropriate laser parameters.
Indeed, this approach allows for gradients of properties throughout the same single line-based
part simply by changing the laser parameters throughout the part. This is important as the future
of architectured material generation is likely to move from solid CAD modelling to line based
representations. It is particularly relevant in the orthopaedic field where stiffness gradients are

common throughout the human skeleton.

Increasing specific enthalpy resulted in increases in strut thickness. It was seen that
strut thickness varies linearly with specific enthalpy regardless of material, scanning strategy
and build angle and that the model is accurate to £50um over a large range of strut thicknesses.
These findings are consistent with what other researchers have found for single track
experiments [32, 33] and thus provides more evidence to the validity of using the enthalpy
model for predicting melt-pool or strut size. It was seen that as enthalpy increases, struts
became more ‘stable,’ the weld-neck between melt-pools increased, the strut thickness and the
strut angle became more consistent and the number of semi-fused particles on the strut
increased as well (Figure 4.1 and Figure 4.2). For a given enthalpy the lower the angle of the
strut, the thicker it was (Figure 4.3). This was caused by changing conductivity conditions, for
vertical struts every layer is built upon solid material and so much of the heat in the melt-pool
gets conducted away, whilst for low angle struts which are built partially on solid material and
partially on powder the heat gets conducted away far slower as the powder has a lower
conductivity than the solid material, consequently this greater heat in the melt-pool results in

thicker struts.

For a given enthalpy, the contour strategy produced struts with a more consistent
thickness along the strut as well as a more consistent thickness across all build angles when
compared to the points and pulsing strategies. It was expected that the points/pulsing strategy
would be able to produce thinner struts than the contour strategy due to their ability to deliver
energy to the melt-pool in a smaller area, however no difference was seen. Despite the contour
strategy delivering energy over a larger area than the points/pulsing strategy, residual heat in
the melt-pool may mean less energy needs to be delivered by the laser to create the same size
melt-pool as from the points/pulsing strategy. The other reason why no major difference was
seen may be because the melt-pool depth needs to be significantly larger than the slice thickness

(50 um) to successfully build a competent strut and all three strategies were able to deliver the
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minimum energy required. If a smaller laser spot, thinner slice thickness and smaller powder

size were used an observable difference may have been detected between strategies.

4.3.5 Limitations

It should be noted that the specific enthalpy model is intended to be a simple model to
better predict and model the effect of laser parameters on strut thickness or historically melt-
pool width. However it has limitations and may not reflect the accuracy of complex FE/CFD
models. The model assumes a constant value for absorptivity and thermal diffusivity of the
metal, however in reality both these values change with temperature, with applied laser power
and with the packing of the powder [34]. Most reported values have been for solid metals and
not for powders. Inaccuracies also develop when the melting mode changes from conduction
to keyhole [32]. Finally the model doesn’t take into account residual heat in the melt-pool i.e.
during a small contour scan or during pulsing and thus specific enthalpy values do not translate

between scanning strategies.

Whilst specific enthalpy may be accurate for predicting strut thickness or melt-pool
track width it may not be the best indicator for internal porosity or microstructure. Varying the
laser parameters and scanning strategies whilst maintaining a constant specific enthalpy does
not guarantee constant internal porosity or a consistent microstructure. Another limitation of
the study was that depending on build angle for a given enthalpy, the points/pulsing strut
thicknesses vary by a greater amount than those manufactured by the contour strategy (Figure
4.3). This means the structure will have had slightly different strut thicknesses at different

angles for a given stiffness or density depending on what strategy it was built with.

A further limitation was due to a deviation from ISO 13314 [35]. The hysteresis loop
which was used to calculate the elastic modulus, was based on a percentage of the estimated
yield strength of a preliminary sample rather than the plateau stress. This was due to the brittle
nature of the titanium alloy used, meaning titanium samples had a far lower and more varied
plateau stress than the stainless steel samples. The resulting hysteresis loop was therefore very
early on in the elastic portion of the stress-strain curve and gave a low modulus (modulus varies
with the location of the hysteresis loop on the elastic/linear portion of the stress-strain curve).
By using the yield strength to calculate the percentages for the hysteresis loop the results
between the two materials tested were far more consistent and comparable. The low standard

deviations of the results and compliance to theoretical models suggests this was appropriate.
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4.4 Summary

As the future of architectured material generation is likely to move from solid CAD
modelling, which is computationally expensive, to line based representation it is
imperative to know how laser parameters and scan strategy relate to strut thickness.
This study showed that using the specific enthalpy equations instead of traditional
energy density equations can produce an accurate and scalable model relating strut
thickness to the laser parameters.

This study demonstrated that the mechanical properties of a porous structure produced
by powder bed fusion are not only affected by its geometric properties (strut thickness,
density, internal porosity etc.) but also by its method of manufacture.

The method and rate of energy delivery and laser scan strategy had a significant effect
on the strength of a stochastic porous structure for a given stiffness or density.

When optimising laser parameters and scan strategy for a porous structure it was found
that the optimum method of energy delivery is material dependent and optimisation of
the laser power could improve strength:stiffness by ~8% on average.

Optimising scan strategy was not material dependent and the contour strategy produced
structures with a greater strength:stiffness than the points or pulsing strategy.

The effect of laser parameters and scan strategy on high cycle fatigue strength of AM
porous structures was also explored and quantified.

Optimisation of the laser parameters was found to increase the fatigue strength for a
given stiffness of porous AM structure by 7%.

Building with a contour strategy produced structures with a greater fatigue strength for
a given stiffness by 8%, when compared to the points and pulsing strategies.
Power-law relationships were observed between yield strength, fatigue strength,
relative density and modulus regardless of the laser power or scanning strategy used to
manufacture the porous specimens.

Varying the laser parameters and scanning strategies will result in a change in the
microstructure of the material. This was clearly seen as changes in texture, as well as it
appearing that grain size, grain morphology, constitution and quantity of phases change

as well with laser parameters and scan strategies.
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5 Chapter S — Influence of Material on the Static and High Cycle Fatigue

Strength of a Stochastic Porous Structure

Maximising strength of additively manufactured (AM) porous metals at low stiffness
remains a challenge for engineers, particularly in applications under high cyclic loads [1-3]. As
stated earlier, in orthopaedics bone repair and regeneration can be driven by strain response
with respect to load [4-6]. Therefore, to accelerate bone regeneration, a porous scaffold or
porous coating on an implant should have a stiffness similar to or less than the bone that is
being replaced. The porous structure must then not only have maximum strength, but more
importantly, maximum fatigue strength as it is constantly under varying loads. Selection of
different base materials provides an opportunity to maximise the static and fatigue strength of

AM porous structures.

It has been stated that the fatigue behaviour of AM porous biomaterials is both
quantitatively and qualitatively different from that of bulk materials. It has been proposed that
the relationships normally used for the fatigue design of continuous monolithic materials are
not applicable when designing AM porous structures and that new relationships should be
developed for this purpose. It has been observed that, in general, material type and
manufacturing imperfections are more important than structure architecture and porosity in the
high cycle fatigue behaviour of AM porous structures [7]. Therefore, the aim of this work is to
investigate the static and dynamic mechanical properties of a stochastic porous structure built
from different base materials. A specific focus is to maximise the strength and fatigue strength
with respect to stiffness. Structures will be built from common orthopaedic biomaterials
(Commercially-Pure Titanium, Titanium Grade 23, Tantalum) and a novel AM titanium-
tantalum alloy to determine which material bone scaffolds or bone ingrowth features should be

manufactured from, from a mechanical properties perspective.
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5.1 Material and Methods
5.1.1 The Effect of Laser Parameters and Material on Strut Thickness

As shown in Chapter 4, by varying the laser parameters and scanning strategy, the
energy delivered to the melt-pool can be altered to produce struts of different diameters, with
strut thickness being linearly related to the specific enthalpy of the melt-pool. Characterisation
structures were built in CP-Ti, Ta and TiTa to establish relationships between strut thickness
and specific enthalpy for these materials. The contour strategy would be used to manufacture
all specimens as it gave the best strength-to-stiffness and fatigue strength-to-stiffness results.
Two laser powers were selected (50 and 200 W) with 10 values of exposure time each, giving
a total of 20 distinct laser parameters and thus 20 unique specimens per material (Table 5.1).
As detailed in Chapter 3, the structures were imaged using a scanning electron microscope and
analysed via ImageJ. Raw data can be found in Appendix A.

Table 5.1 — Effect of laser parameters and material on strut thickness study design and
manufacturing conditions

Test Evaluation of Characterisation Structure
Materials CP-Ti, Ta, TiTa

Scanning Strategies Contour

Laser Power (W) 50, 200

Exposure Time (us) 20 - 1400
Point Distance (um) 50
Layer Thickness (um) 50
Laser Parameters' per material 20
Unique Specimens® 60

Repeats per Parameter Set 1

Total # of Specimens Tested 60

'A combination of the laser power and exposure time
2 A specimen manufactured by a distinct combination of laser parameters and material

5.1.2 The Effect of Material on Static and Fatigue Strength

The laser parameters and scanning strategy used in LBPF also effect the optimisation of
mechanical and material properties of specimens. Optimising laser power to give maximum
strength-to-stiffness was seen to be material dependent whereas optimising scanning strategy
was not material specific. The trends observed statically and for internal porosity seem to be
good indicators of laser parameters and scanning strategies that will perform well in fatigue for
a given material, as the fatigue strength-to-stiffness results for Ti64 followed similar trends as

the static strength-to-stiffness results.

As the optimum laser parameters for Ti64 had already been found in Chapter 4,

preliminary samples for the remaining 3 materials, CP-Ti, Ta and TiTa, were built at low (50W)
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and high power (200W), with exposure time being altered to generate specimens of varying
relative densities and moduli, and tested quasi statically as described in Section 3.4.2. The
preliminary quasi-static results dictated the laser power that would be used to manufacture
specimens for the suite of mechanical and material testing. Optimum laser power was chosen
based on maximising static strength for a given stiffness per material. The contour strategy
would be used to manufacture all specimens as it gave the best strength-to-stiffness and fatigue
strength-to-stiffness results. Quasi Static testing, high cycle fatigue testing and morphological
analysis was then performed on the final specimens for the remaining materials as per Section
3.4 to explore the effect of the parent material on static strength, fatigue strength and
microstructure. Note: Quasi-Static and Fatigue strength results for Ti64 taken from Chapter 4,
for samples built at low power (50 W) with a contour strategy. The number of specimens
manufactured and tested is summarised in Table 5.2, laser parameter values and ranges are also

listed. Laser Parameters for every manufactured specimen can be found in Appendix B.

Table 5.2 — Effect of material on static and fatigue strength study design and manufacturing

conditions
Test Effect of Material on Static Effect of Material on
Strength Fatigue Strength
Section 5222 5223
Materials CP-Ti, Ti64 ELI, Ta, TiTa
Scan Strategy Contour
Laser Power (W) 50W (CP-Ti, Ti64 ELI, TiTa), 200W (Ta)
Exposure Time (us) 40 — 950
Point Distance (nm) 50
Layer Thickness (um) 50
Thermal Condition As-Built
Laser Parameters’ per test 4
variable
Unique Specimens? 16
Repeats per unique 5 3
specimen
Total # of Specimens
Tested 80 128

'A combination of laser power and exposure time
2 A specimen manufactured by a distinct combination of laser parameters, scan strategy and material

121



Chapter 5

5.2 Results

5.2.1 Evaluation of Characterisation Structures
Characterisation structures were built in the remaining three materials, CP-Ti, Ta and
TiTa, all in a contour strategy to establish relationships between laser parameters and strut

thickness (Figure 5.1).

26.5mm x20 SE

1 T 1 =
3.00mm Imperial 15.0kV 33.3m

e P S 3 2
Imperial 15.0kV 25.7mm x16 SE 5.7 2.00mm

Figure 5.1 - Characterisation Structures in CP-Ti, Ta and TiTa

As seen for the characterisation structures built in Ti64 and SS316 in Chapter 4, increasing
enthalpy resulted in an increase in melt-pool size and thus an increase in strut thickness. The
relationship between specific enthalpy and strut thickness was found to be linear for all

materials and build angles (Figure 5.2, Figure 5.3 and Figure 5.4). As before, the relationship
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was found to be more accurate when specific enthalpy was calculated with actual laser power
and exposure time delivered as measured by the process monitoring equipment. Due to the
small size of the tantalum powder particles, especially relative to the build layer thickness
excessive semi-fused particles were abundant all over the strut surface making it difficult to
accurately measure the true strut thickness (Figure 5.1). For this reason the tantalum strut

thickness data is less clean than for the other materials tested.

CP-Ti Contour Strategy
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Figure 5.2 - Strut Thickness model for CP-Ti. Average S.D. for strut thickness measurements
was 0.019 mm
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Ta Contour Strategy
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Figure 5.3 - Strut Thickness model for Ta. Average S.D. for strut thickness measurements
was 0.019 mm
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Figure 5.4 - Strut Thickness Model for TiTa. Average S.D. for strut thickness measurements
was 0.017 mm

As a consequence of building the stochastic porous structures, the laser parameters required to

give a desired relative density can be estimated beforehand based on knowing the strut
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thickness, thus reducing iterations of manufacturing and testing specimens with different laser
parameters.

5.2.2 Evaluation of Stochastic Porous Structures

Stochastic porous structures were produced in all 4 materials in a range of relative

densities and therefore moduli by altering the laser parameters (Figure 5.5).

Figure 5.5 — Stochastic Porous Structures

5.2.2.1 Preliminary Laser Power Optimisation for CP-Ti, TiTa and Ta

Since the optimum laser power for manufacturing specimens with the greatest yield
strength:stiffness was previously seen to be material specific (Chapter 4), preliminary samples
were built at low (50W) and high power (200W) for CP-Ti, Ta and TiTa and tested quasi-
statically. As described earlier, altering laser powers can cause differences in phenomena such
as spatter ejection, volatility of the melt-pool and cooling rates leading to differences in
mechanical strength, microstructure and internal base material porosity. A coarse optimisation
of laser powers was performed based on the maximum and minimum power the AM machine
can reliably produce. Figure 5.6 shows the preliminary compressive yield stress vs. modulus
plots for the three materials. Two separate curves/points are seen, one for samples built at SOW
and one for samples built at 200W, with increase in strut diameter and thus modulus/density

being controlled by an increase in exposure time.
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Figure 5.6 — Compressive Yield Stress vs. Modulus Plots for (a) CP-Ti, (b) TiTa, and (¢) Ta.
50W is seen to produce specimens with a greater strength:stiffness ratio for CP-Ti and TiTa,
whilst 200W produces specimens with a greater strength:stiffness ratio for Ta. Error bars are

standard deviations.
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Laser powers of SOW for CP-Ti and TiTa and 200W for Ta produced structures with the
greatest yield strength for a given stiffness. These laser powers would be used to build the final

specimens for static and fatigue testing for the remaining materials (Table 5.1).

5.2.2.2 Effect of Material on Static Strength

Typical quasi-static stress-strain curves and failed specimen images for all materials are
seen in Figure 5.7 and Figure 5.8. All stochastic structures display a local maximum; Ti64 has
a brittle failure following the maximum and is brittle throughout the plateau region whereas

CP-Ti, Ta and TiTa all display a ductile failure mode and plateau region.
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Figure 5.7 — Typical Porous structure Stress-Strain Curves. Curves shown for specimens with
a~3.1 — 3.4 GPa modulus and without hysteresis loops to 50% strain
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Figure 5.8 — Failed porous structures during quasi-static testing with a ~3.1 —3.4 GPa
modulus crushed to ~50% strain

The effect of material on compressive strength is seen in Figure 5.9 and Table 5.3. For
AM porous structures, Ti64 has the greatest strength for a given stiffness followed by TiTa
then Ta then CP-Ti. Ti64 has a greater o,.E than TiTa by 9%, 38% greater than Ta and 45%
greater than CP-Ti. As per Gibson and Ashby [8, 9], a power-law relationship is modelled
between yield strength and modulus (discussed in Section 4.3.1). Appendix B presents the
relationships between yield strength and relative density and between modulus and relative
density for stochastic porous structures built from the materials explored and power-law

relationships are clearly seen.
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Figure 5.9 — Effect of Material on Static Compressive Properties. R? values for all curve fits
were 0.99. Error bars are not shown, however standard deviations for all values are given in
Table 5.3.
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5.2.2.3 Effect of Material on Fatigue Strength

All specimens fatigue tested exhibited 3 stage fatigue failure behaviour, regardless of laser

parameter, scan strategy or material used during the manufacturing process (Figure 5.10)
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Figure 5.10 — Typical Compressive Strain vs. Cycles-to-Failure Curves per material for
specimens without (left) and with (right) failure.

For all specimens, angled crush bands (fracture planes), characteristic of porous structures

[10, 11], were observed (Figure 5.11); likely following the weakest planes of the stochastic

porous structure. Extensive cracking and fracture was observed at or near nodes (Figure 5.12).

For all materials tested there were no differences observed in the fatigue failure mode.
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led -Ti, TiTa and Ta
specimens. Angled fatigue failure fracture planes (crush bands) are indicated, likely
following the weakest planes of the stochastic porous structure.

b~
Imperial 20.0kV 17.8mm x300 SE

E]

Imperial 20.0kV 9.6mm x420 &

Figure 5.12 — SEM Images of a fatigue fracture surfaces
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The effect of material on high cycle fatigue strength is seen in Figure 5.13 and Table 5.3.
The trends seen during static testing are not observed during fatigue testing. Ti64, which had
the highest o,-F statically and the greatest fatigue strength as a solid metal, has the lowest
fatigue strength-to-stiffness ratio as a porous structure. Tantalum and the titanium-tantalum
alloy had the greatest fatigue strength for a given stiffness, 8% greater than CP-Ti and 19%
greater than Ti64. A power-law trend is again modelled between fatigue strength and modulus

regardless of material, this will be discussed in greater detail in Section 5.3.2.

10 /
| Ti64 [0 = 2.1205xE10262] _,

’ - Ta [0=2.6167xEL10231]
8 - mCP-Ti[o=24186xEL018

A TiTa [0 = 2.5846xE10341]

Fatigue Stress (MPa) @ 10° Cycles

O 1 1 1 | 1 I 1 1 1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Modulus (GPa)

Figure 5.13 — Effect of Material on Fatigue Strength at 10 Cycles. R? values for all curve fits
were 0.99. Error bars are not shown, however standard deviations for all values are given in
Table 5.3.
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Table 5.3 — Effect of Material on the Mechanical Properties of a Stochastic Structure (Values
are mean + S.D.). Italicised values are mechanical properties for the solid material, these
values are only given as a reference as mechanical properties are heavily dependent on the
manufacturing method and thermal history of the material.

Yield Fatigue . Fatigue .
Material D{OGdl:g;l S Strength Strength Stren :i:?;/([lo dulus Strength: lll)zl::;ve
(MPa) (MPa) gt Modulus ty
07400 | 102+0.1 | 1.5+0.1 13.96 2.1 10%
14+0.0 | 19.840.1 | 3.0+03 14.4 22 12%
Tied 23400 | 32.8403 | 4.9+0.5 14.4 2.1 16%
! 3300 | 48503 | 7.3%0.7 14.6 22 20%
800-1000 | 600-800 )
14012 |5y 4] 7.0-8.7 5.5 100%
05400 | 4.3%0.0 1.340.1 8.0 24 8%
1.0£0.0 | 8.0£0.0 | 2.4+0.1 8.1 2.4 10%
1.750.0 | 13.6402 | 4.1%02 7.9 2.4 13%
CP-Ti | 2400 | 19.040.0 | 5.9403 7.8 2.4 15%
34400 | 27.3%04 | 8.5+04 8.1 25 18%
300-700 | 200-400 )
103012 | 7y 3 [14] 2.9-6.8 1.9-3.8 100%
1.060.0 | 8.740.2 2.540.1 8.9 25 8%
1.540.0 | 14.040.1 | 4.2+02 9.1 2.7 9%
Ta 34400 | 30.1205 | 9.0+0.4 8.9 2.7 14%
51+0.1 | 442+0.7 | 13.8+0.6 8.7 2.7 16%
200-600 | 200-400 .
185112 | 71y 157 147 1.1-3.2 1.1-2.2 100%
05400 | 6.3%0.0 1.340.1 11.7 24 8%
1.0£0.0 | 123+0.1 | 2.6:02 12.4 2.6 11%
T 1.650.0 | 21.140.1 | 4.2+0.3 13.3 2.6 14%
Ha 23400 | 30.120.1 | 6.0+0.4 13.3 2.6 17%
31401 | 413204 | 8306 133 2.7 21%
69716] | 587[16] - 8.5 _ 100%

5.2.2.4 Morphology and Microstructure Observations

All specimens exhibited semi-sintered particles on strut surfaces, texture lines between
build-layers and/or melt-pools (Figure 5.14b) and microstructural heterogeneity (Figure 5.14e).
All metallographic and microstructure images shown in Figure 5.14 are parallel to the build
direction. Potential surface crack initiation sites were more pronounced on Ti64 and CP-Ti
specimens, whilst TiTa and Ta specimens exhibited a more consistent surface finish (Figure
5.14c¢). The microstructure of Ti64 specimens exhibit acicular (needle like) o’ grains in larger
prior B grains [7, 10] whilst the CP-Ti specimens display lath-like grains of a phase [17]. The
TiTa specimens consist of a solid solution matrix with un-melted tantalum particles (circled in

Figure 5.14), the matrix microstructures contains martensite a’’ grains [16] with a needle-like
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structure inside columnar prior § grains. Meltpool and build-layer texture lines are also evident
in the microstructure of the TiTa specimens. The etchant used for CP-Ti, Ti64 and TiTa,
(Figure 5.14¢) causes the alpha phases (a, o’, a’”) of titanium to appear white, whilst inter-
granular beta structure and beta grains will be darkened, it has no effect on the un-melted Ta
particles in the TiTa alloy. Tantalum, which has a a-BCC crystal structure [18], shows equiaxed

grains with substructure, elongated along the strut and build direction (Figure 5.14¢). Internal

porosity was also evident in the tantalum specimens (Figure 5.15).

: Tl _ ) 3 i P—
Figure 5.14 — SEM and Microscopy Images. Build direction in all images is vertical. Row a
& b: SEM Images; build layer and/or melt-pool texture lines (white arrows) and semi sintered
particles (yellow arrows) are evident. Row c¢: Microscopy Images where crack initiation sites
(red arrows) are evident particularly on the Ti64 specimen. Row d & e: Microstructure

Images. Manufacturing Parameters are listed in Appendix B.
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A
Figure 5.15 — Polished microscopy Images for Ti64, CP-Ti, TiTa and Ta specimens. Build
direction in all images is vertical.

p - S ' =
Figure 5.16 — Microstructure parallel to build plate. Build direction in all images is into the
image.
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5.3 Discussion

The most important finding of this chapter was that the trends observed during fatigue
testing for monolithic metals and statically for solid and porous AM structures are not always
indicative of the high cycle fatigue behaviour of porous AM structures. Ti64, in solid form,
which is widely used in a number of industries for its high fatigue strength, was outperformed
as a porous structure by CP-Ti, Ta and TiTa in fatigue strength for a given stiffness and thus
may not be the most suitable choice as a low stiffness porous structure. The titanium — tantalum
alloy produced (Ti-30Ta) shows promise as a porous structure, specifically for low stiffness —
high static and cyclic load applications, such as porous scaffolds for bone regeneration. This is
due to its high strength:stiffness and fatigue-strength:stiffness ratios all at a much lower cost to

pure tantalum.

5.3.1 Material Optimisation of Porous Structures

Statically it was seen that Ti64 had the greatest strength for a given stiffness, Ti64 had a
greater o, E than TiTa by 9%, 38% greater than Ta and 45% greater than CP-Ti. The
strength:stiffness trends seen statically for porous structures match those that have been
reported for the solid monolithic materials used for manufacturing specimens in this study [12,
13, 19]. During quasi-static testing, brittle failure was seen for structures built in Ti64 whilst a
ductile failure mechanism was observed for the CP-Ti, Ta and TiTa structures. The trends
observed during quasi-static testing were not seen during fatigue testing, where it was observed
that tantalum and the titanium-tantalum alloy had the greatest high cycle fatigue strength for a
given stiffness, 8% greater than CP-Ti and 19% greater than Ti64. During high cycle fatigue
testing all materials exhibited similar catastrophic failure behaviour. The fatigue failure of these
materials were typical of AM porous structures previously reported and exhibited similar the
failure modes and fracture characteristics to those that have been detailed by other researchers

[2,7, 10, 11].

The stochastic structures produced in this study all exhibit semi-sintered particles on strut
surfaces, texture lines between build-layers and microstructural heterogeneity, all
characteristics of the AM process (Figure 5.14) [10, 20]. These lead to stress concentrations,
potential crack initiation sites and decreases crack propagation resistance. As high cycle fatigue
is governed by the number of cycles for crack initiation, these features reduce the fatigue life
of these porous structures, when compared to their solid conventionally manufactured
counterparts [10, 21]. Sensitivity to defects and ductility are therefore vital in maximising

fatigue strength of a porous structure as they reduce sensitivity to notches, cracks and internal
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porosity whilst lowering crack initiation and propagation by softening the material when loaded
[12]. This begins to explain why the fatigue-strength:stiffness trends observed for porous AM
structures do not match expectations based on the mechanical properties of the solid materials,
as solid metal specimens for fatigue testing tend to have smooth polished outer surfaces, no
internal porosity and a homogenous microstructure. As a solid material Ti64 has the highest
fatigue-strength:stiffness ratio [14], however as a porous structure it performed the worst

(Table 5.3).

Ti64’s poor notch sensitivity and brittle nature contribute to its poor high cycle fatigue
behaviour as a porous structure [7, 10]. This has been found to be true by multiple researchers
who have reported CP-Ti having a higher normalised high cycle fatigue strength than Ti64 as
a porous AM structure [12, 22] despite CP-Ti having lower static and fatigue strength as a solid
material (Table 5.3). AM Ti64 also typically results in Widmanstétten microstructures which
is linked to poor high cycle fatigue resistance [22]. Ta, CP-Ti and TiTa all appear to have better
ductility [14] and notch sensitivity contributing to their higher fatigue strength. The
microstructure of the TiTa alloy consists of o’ phase inside columnar prior B grains [16], which
have been reported to have the lowest moduli of Ti phases, whilst its high quasi-static strength
can be attributed to the solid solution strengthening that occurs when alloying with Ta, which
is a B stabiliser for titanium [13, 16, 18, 19]. It has also been found that the two phase o’’+ 3
microstructure of Ti-Ta alloys shows improved fatigue resistance and decreased notch
sensitivity compared to titanium [18]. Tantalum, as a solid material, despite having a yield
strength and fatigue strength-to-modulus ratio lower than all other materials discussed (Table
5.3), had greater fatigue strength for a given stiffness as an AM porous structure, this is

attributed primarily to its microstructure, ductility and sensitivity to defects [14].

Internal porosity also can affect fatigue performance as it decreases strut material cross-
sectional area and acts as stress concentration sites thus reducing fatigue strength [20]. The
high atomic weight of tantalum made p-CT scanning for internal porosity quantification
prohibitively difficult [23], therefore observations regarding internal porosity could only be
made through microscopy on the metallographic samples. Similar levels of extremely low
internal porosity were observed on the micrographs for Ti64, CP-Ti and TiTa specimens, whilst
significant internal porosity was observed on the Ta specimens (Figure 5.15). This corroborates

that the Ta specimens produced had a low sensitivity to defects.
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5.3.2 Modelling the Mechanical Behaviour of Stochastic Porous structures
The relationship between strength, modulus and relative density of porous structures has
been described by models developed by Gibson and Ashby [8, 9] (Equation. 4.1 and 4.2)

explained previously in Chapter 4. Relative stress/strength increases with relative density by a
n m
power law (i x (ﬁ) ) as does modulus (E [ (ﬁ) ). As stated earlier, this relationship was
0o Po Eo Po

found to be true for AM structures by a number of authors [24] and can be seen in the results
of Table 5.3 and Appendix B. Substituting Equation 4.2 into Equation. 4.1 gives Eq. 4.3 and it

shows that the relative strength of a porous structure increases with relative stiffness by a power

n

law (i x (£ E). This is the same relationship as the trend lines seen in Figure 5.9.
() EO

A simple model for predicting the fatigue life of foams under compression-compression
loading had previously been developed by modifying the creep model of Gibson and Ashby
[11]. They however had insufficient data to support or refute their model. Equation 5.1 shows
the developed relationship between cycles-to-failure (Ny), relative density, test stress (|G|max)

and load ratio (R).

(3n+1)

1 _CA—-R)® 0.6 [1.72n+1)|0|max]" (,0) 2
Ny B &y n+2 0o 0o Po

Equation 5.1

If cycles-to-failure is set to 10° cycles, and the load ratio to R=0.1, then a power-law
relationship between test stress (i.e. fatigue strength), relative density and the strain at the
compressive yield stress of the porous structure (&) is obtained. This was found to accurately
(R?=0.99) model the effect of relative density on fatigue strength at 10° cycles for the results
presented in Table 5.3 and Appendix B. As before, substituting Equation 4.2 into Equation 5.1
for relative density, then yields a power relationship between test stress (fatigue strength),
modulus and yield strain (g,). Figure 5.13 display this power-law trend between modulus and
fatigue strength. However, over the range of moduli tested, it was found that both linear and
power trends accurately (R?=0.99) describe the relationship between fatigue strength at 10°
cycles and modulus. Typically, fatigue testing of AM porous structures generates S-N curves,
where a power-law models the relationship between fatigue stress or relative fatigue stress and
cycles-to-failure [7, 10, 12, 25, 26]. There remains a lack of research investigating the
relationship between modulus and high cycle fatigue strength for porous structures and

consequently comparisons to other literature can’t be made.
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5.3.3 Limitations

The primary limitation of this study was that all specimens were in the as-built condition.
Residual stress, microstructure and surface finish/roughness all have a negative effect on
fatigue strength, and certain materials (e.g. Ti64) are more sensitive to these issues. Ideally, all
specimens would have smooth struts to delay crack initiation, would be stress relieved to resist
fatigue cracks and have a microstructure suitable or optimised for fatigue loading. Limitations
were also present in mechanical testing. As described in Chapter 4, during quasi-static testing
the hysteresis loop which was used to calculate the elastic modulus, was based on a percentage
of the estimated yield strength of a preliminary sample rather than the plateau stress as
described in ISO 13314. By using the yield strength to calculate the percentages for the
hysteresis loop, the results between the brittle and ductile materials are far more consistent and
comparable. This has been deemed acceptable in other research and the low standard deviations
of the results and compliance to theoretical models suggests this was appropriate in this work

as well [12].

For fatigue strength testing, ISO 12107:2012 recommends n=15 for exploratory testing
and n=30 for reliability testing when the standard deviation is unknown and n=6 for when the
standard deviation is known. However, due to the number of variables explored and availability
of samples only n=8 was possible. Despite this, the results still satisfied all criteria for the
validity of calculating mean fatigue strength and standard deviation. Improvements to this

study and future work will be discussed in Chapter 7.
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5.4 Summary

This work has demonstrated that the trends observed during fatigue testing for
monolithic metals and statically for solid and porous structures are not always
indicative of the high cycle fatigue behaviour of porous additively manufactured
materials.

The static strength and fatigue strength to stiffness ratio of common orthopaedic
biomaterials (CP-Ti, Ti64 and Ta) and a TiTa alloy were reported.

Statically it was seen that Ti64 had the greatest strength for a given stiffness, Ti64
had a greater 0. E than TiTa by 9%, 38% greater than Ta and 45% greater than CP-
Ti.

The strength:stiffness trends seen statically for the porous structures match those
that have been reported for their solid counterparts.

Unlike their solid counterparts, porous Ta and TiTa had the greatest fatigue
strength for a given stiffness, 8% greater than CP-Ti and 19% greater than Ti64.
Therefore, not only do the mechanical properties of the base material need to be
considered when choosing a material to maximise the high cycle fatigue behaviour
of porous AM structures. It is vital to also consider notch sensitivity, ductility,
internal porosity and microstructure of the material.

Power-law relationships were observed between yield strength, fatigue strength,
relative density and modulus regardless of the base material of the porous structure.
The TiTa alloy produced shows great promise as a bone scaffold porous structure.
This is due to its high strength:stiffness (2" highest of the materials tested) and
high fatigue-strength:stiffness (joint highest of the materials tested) ratios all at a

much reduced cost to pure tantalum.
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6 Chapter 6 — The Design and In Vivo Testing of a Locally Stiffness
Matched Porous Scaffold

Historically it has been reported that one of the requirements for bone ingrowth into a porous
scaffold or into a porous coating of an orthopaedic implant is that it should match the
mechanical properties of the surrounding bone tissue [1-3]. However, an increasing volume of
work supports taking advantage of the mechanobiology of bone and that the lower the stiffness
of a porous scaffold is, relative to the bone it is replacing, the more bone ingrowth occurs [4,
5]. The challenges are then to ensure porous materials retain sufficient mechanical competence
at low stiffness and to know the properties of the bone being replaced. However, not only are
the mechanical properties of bone difficult to measure, resulting in variations in reported
properties in literature [1, 6], but bone properties also vary between species and anatomical site
and due to age, sex, nutrition, activity level, bone health and diseases [1, 7, 8]. Typically, when
porous materials are tested in vivo or implanted during surgery the mechanical properties of
the animal’s or patient’s bone being replaced are unknown and not quantified. It is therefore
difficult to compare ingrowth results between studies and to translate in vivo animal testing to

human subjects.

Most commercial or research-grade porous scaffolds have a homogenous structure and are
consistent regardless of skeletal location or animal used despite bone varying locally at joints,
globally through-out the skeleton and between species. As an increasing volume of work
indicates mechanobiology is an important factor in how bone responds to a scaffold or implant
[4], there is a need for scaffolds and porous implants with stiffness gradients tailored to invoke
the desired mechanobiological response from bone, specific to the site being investigated. More
so, there is a need for a method to create such structures in a pragmatic way that can be deployed
clinically in humans. This chapter will present the design and development of a locally
stiffness-matched scaffold. The mechanical properties of trabecular bone in the medial condyle
of the femur of skeletally mature ewes will be characterised; consequently a scaffold will be
produced with local variations in stiffness equivalent to the bone it will be replacing (i.e.
maintaining mechanical homeostasis) and its performance will be discussed in vivo in an ovine
model. The goal of this study is not to maximise bone ingrowth into a porous scaffold but rather
to produce a scaffold that mimics the local mechanical properties (specifically modulus) of
bone and to develop a methodology that takes into consideration the mechanobiology of bone,

which will hopefully lead to better and more clinically translatable porous implants.
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6.1 Material and Methods

As bone properties vary between species and vary both globally and locally at anatomical sites
as well as due to age, sex, nutrition, activity level, bone health and diseases a methodology was
developed to characterise local bone properties in a clinical and pragmatic way. This ultimately
can lead to patient specific and site specific implants. The following section describes the

design of a heterogeneous porous scaffold, stiffness matched to the bone it would be replacing.

6.1.1 Specimen Design

6.1.1.1 Coarse Resolution Bone Property Quantification

In order to produce a locally stiffness-matched bone scaffold, the properties of the bone
that is to be replaced need to be quantified. Eight ovine femora were CT scanned (SOMATOM
Definition AS; SIEMENS AGQG) using a clinical protocol (512x512 resolution, 140 kVp, 0.6
mm slice thickness, and ~0.5 mm pixel spacing). A five-material calibration phantom (Model
3; Mindways Software Inc) was placed under the specimens for bone mineral densitometry and
was visible on each CT slice (Figure 6.1.1). A 10mm thick slice approximately perpendicular
from the mechanical axis of the femur and 10mm from the femoral condyle joint line was cut
from each specimen. Four bone cores of 25mm were extracted from the medial condyle of each
of these slices (Figure 6.2). Each bone core was mechanically tested as per section 3.4.2 to
determine elastic modulus (Figure 6.1.2a), with some minor adjustments. Bone cores were still
crushed at a constant strain rate of ~0.1 strain/minute but for each specimen, every 100 N a
hysteresis loop was present reversing at 20% of the load to account for the localised plasticity
in the porous material and broken cell effects both of which reduces the slope of the initial
loading curve. For each unique porous metal specimen it was possible to perform preliminary
tests to estimate the yield strength to find the hysteresis loop values that would be used in
consequent tests as batches of unique specimen types were identical. However as the bone core
properties would vary by location and between animals and it was unsure when each specimen

would yield it was then necessary to perform hysteresis loops at regular intervals.
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Figure 6.1 - Coarse Local Bone Property Quantification. Notation: Anterior (A), Posterior
(P), Medial (M), Lateral (L), Inferior (I) and Superior (S).

As the CT scans of the ovine femur were performed with a calibrated phantom, the
material properties of the tested trabecular bone cores could be determined. However, in order
to do this the location of each bone core needed to be known. Therefore, after removal of the
bone cores from each of the 10mm thick slices, the slices were CT scanned as per the protocol
described earlier. The CT scans of the bone slices were registered to their parent bone in order
to accurately determine the location of the bone cores being tested (Figure 6.2). Solid @5x10
mm cylinders were then computationally modelled and meshed in a finite element simulations
program (ANSYS 13). These cylinders were then imported into bone density mapping software
(Bonemat v3.2) at the locations of the removed bone cores to determine apparent density

(Figure 6.1.2b, Figure 6.2 and Appendix D).
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Figure 6.2 — 10mm Thick bone slice. a) Four bone cores drilled out. b) CT reconstruction of
slice and meshed cylinders registered for bone mineral densitometry.

Consequently a relationship between apparent density and modulus could be produced

for trabecular bone. This relationship was combined with one for ovine cortical bone [9] with

a linear interpolation between the trabecular and cortical bone relationships in a similar manner

as described in [6] in order to have a continuous apparent density — modulus relationship

covering the entire density range of ovine femoral bone (Figure 6.1.3).

6.1.1.2 Fine Resolution Bone Property Quantification

The porous scaffold used in the in vivo trial had global dimensions of @16 x 15mm and
was implanted in the medial femoral condyle 20 mm from the joint line along the medial-lateral
axis (Figure 6.3.1). As a continuous relationship has been established between apparent density
and modulus for ovine bone, the local mechanical properties of the bone to be replaced by the
scaffold could be determined at the desired resolution. The scaffold was first modelled as a
solid object, discretised into 3 equally sized sections in all 3 axes (medial-laterial, anterior-
posterior, distal-proximal), i.e. a 3x3x3 array (27 sections) and placed at the surgical site in the
bone density mapping software (Figure 6.3.1). Each section extracted the average bone density
(pct) based on the densitometry calibration and consequently the modulus was determined

using the apparent density - modulus relationship derived (Figure 6.3.1 and Appendix D).
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Figure 6.3 - Fine Local Bone Property Quantification. Notation: Anterior (A), Posterior (P),
Medial (M), Lateral (L), Inferior (I) and Superior (S).

6.1.1.3 Design of a Locally Stiffness Matched Porous Bone Scaffold

A stochastic porous scaffold was designed by filling a 216 x 15mm 3D volume with a
random distribution of ~5000 points using a Poisson disk algorithm and consequently
connecting these points to each other as zero-thickness lines (Figure 6.4.1) at an average
connectivity of ~5. Previously in Chapters 4 and 5 stochastic porous materials were
manufactured in a range of relative densities and moduli by altering the laser parameters used.
For these specimens, a single laser parameter was used per porous structure thus giving a
structure with a uniform apparent relative density and apparent modulus (Figure 6.4.2). In order
for the scaffold in this in vivo study to locally match the modulus of the bone it would be
replacing, it was discretised into 3x3x3 sections, as described earlier (Figure 6.4.3). In each of
these 27 sections modulus was controlled by changing the laser parameters based on the CP-
Ti specimens manufactured in Chapter 5. Right and left leg versions of the scaffold were
created which were mirrored versions of each other. The scaffold also contained a geometric
feature to ensure correct orientation upon implantation and to distinguish between left and right

versions.
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6.4.2 Manufacture scaffolds of varying modulus.
Establish a relationship between laser parameters
and/or strut thickness and the modulus of the scaffold

6.4.1 Design of a stochastic porous scaffold: fill a
volume with a random distribution of points.
Connect points with a desired connectivity

T Build
Direction

6.4.3 Discretize scaffold at desired resolution (shown
here as a 3 x 3 x 3 array) with each section having a
strut thickness (or laser parameter) which produces a
desired modulus equal to the bone it will be replacing

6.4.4 Manufacture locally
stiffness-matched porous scaffold

Figure 6.4 — Design of a locally bone-stiffness matched porous scaffold. Notation: Anterior
(A), Posterior (P), Medial (M), Lateral (L), Inferior (I) and Superior (S).

6.1.2 Specimen Manufacture

The scaffolds were manufactured with a contour strategy and in CP-Ti in the same
method as described in Section 3.2 and 3.3. As per Chapters 4 & 5 the specimens were
manufactured at low power (50 W) and with a contour strategy to maximise both the strength-
to-stiffness and fatigue strength-to-stiffness ratios of the structure. Despite other investigated
materials displaying superior mechanical properties for a given stiffness, the high atomic
weight of tantalum makes p-CT scanning for bone ingrowth quantification prohibitively
difficult. After production, items were removed from the substrate by EDM and shot-blast.
Specimens were rinsed and cleaned ultrasonically in a cleaning solution (0.2 um filtered water
and Decon Neutracon) followed by sterile isopropanol to remove all contaminants (Hunt
Developments UK Ltd). Following filtered drying, specimens were vacuum packed/sealed in

pouches and sterilised via Gamma Irradiation (25-35 kGy).

The surgical procedure and explant analysis methodology was detailed in Chapter 3, section

3.5.
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6.2 Results
6.2.1 Bone Core Testing

Stress-Strain curves of the trabecular bone cores and commercially pure titanium
specimens of uniform modulus (manufactured and tested in Chapter 5) indicate similar
behaviour under compression as seen in Figure 6.5. Two distinct regions are seen, an initial
linear portion and following a local maximum, a plateau of almost constant stress; if tested to
higher levels of strain a third region of densification and rapidly increasing stress would be
seen [10]. The hysteresis loop for both bone and the CP-Ti specimens indicate that there is
localised plasticity in the specimen at stresses well below the compressive strength of the
specimen as well as settling due to broken structural walls/edges. This is evident as the
hysteresis loop has a steeper gradient than the initial loading portion. The plateau region of the
trabecular bone indicates slightly more brittle failure of the trabecular structure compared to

the more ductile collapse of the porous CP-Ti specimens.
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Figure 6.5 — Compression Stress — Strain Curves for Trabecular Bone Cores and uniform
stiffness CP — Ti porous materials of ~500-600 MPa modulus and ~1700 MPa modulus. CP —
Ti specimens tested in Chapter 5

Apparent density of the bone core specimens, obtained from CT-scans, ranged between 0.2 and

0.8 g/cm® whilst modulus, obtained from the mechanical testing, ranged between 56.5 and
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2,737.7 MPa. A power-law relationship was observed between apparent density and modulus

of the specimens as described by Gibson and Ashby [10, 11] and seen in Figure 6.6.
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Figure 6.6 — Apparent Density vs. Modulus; a) tested points and trend line for trabecular bone
in the medial femoral condyle, b)trend line over entire bone range (trabecular + cortical)

If the apparent density-modulus trend, as seen in Figure 6.6a, is extrapolated further it would
underestimate modulus values for cortical bone. Therefore in a similar manner as was presented
in [6], the cancellous bone data for the ovine medial femoral condyle was combined with ovine
femoral cortical bone data also obtained by mechanical testing, reported in [9] with a linear
interpolation between the two datasets (Figure 6.6b). This produces a continuous relationship
covering the entire apparent density range of ovine bone. Both a power-law relationship, as per
Gibson and Ashby [10, 11] and a linear relationship, accurately model the relationship between
yield strength and modulus for the trabecular bone cores, Figure 6.7, as discussed in Section
4.3.1. Compared to the uniform moduli porous CP-Ti scaffolds produced in Chapter 5, over
the modulus range tested, ovine trabecular bone displays greater strength for a given modulus,

on average 24% + 2% S.D. difference greater.
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Figure 6.7 — Yield Stress vs. Modulus for the trabecular bone cores

6.2.2 Locally Stiffness-Matched Scaffold

Apparent density for the surgical site ranged on average from 0.27 to 0.76 g/cm> with a
modulus varying between 262.2 and 3,644.2 MPa respectively with an average modulus over
the 27 sections of 1383.5 MPa. The local apparent density and modulus variations for the
surgical site, discretised into 27 sections, are presented in Table 6.1, as are the designed moduli
of each of the 27 sections of the scaffold, where the laser parameters and consequent modulus
values chosen were based on the testing and relationships established in Chapter 5. The
produced scaffold (Figure 6.4.4 and Figure 6.9) had a modulus ranging from 566.0 to 3584.4

MPa with an average modulus over the 27 sections of 1435.2 MPa.
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Table 6.1 — Localised Density and Modulus Variations of Bone at implant Site and Modulus
variations of scaffold. Location notation: XYZ, X: Posterior-Anterior, Y: Medial-Lateral, Z:
Inferior-Superior; all going 1-3 respectively.

Location Apparent Density of Modulus of Bone Modulus of Scaffold Difference
bone (g/cm?) (MPa) (MPa) (MPa)
111 0.56+0.15 1337.4+678.4 1320.6 -16.8
112 0.65+0.16 2151.8+1389.0 2263.9 +112.0
113 0.76+0.16 3550.2+1822.9 3584.4 +34.2
121 0.5140.10 998.4+397.0 9433 -55.1
122 0.61£0.13 1595.6+700.2 1697.9 +102.3
123 0.72+0.21 3644.2+4969.3 3584.4 -59.8
131 0.47+0.12 890+510.5 943.3 +53.3
132 0.49+0.09 900.1+406.7 9433 +43.2
133 0.6+0.15 1873.2+1800.6 1886.6 +13.3
211 0.51+0.15 1095.7+641.9 1132.0 +36.3
212 0.62+0.21 2365.8+2801.5 2452.5 +86.7
213 0.71£0.15 2757.6+1645.7 2792.1 +34.5
221 0.42+0.13 691.6+390.6 754.7 +63.0
222 0.5240.15 1143.5+620.3 1132.0 -11.5
223 0.6+0.14 1618.5+1015.7 1697.9 +79.4
231 0.324+0.09 334.8+£195.9 566.0 +231.2
232 0.38+0.10 506.4+294.3 566.0 +59.6
233 0.4340.15 753.6£753.3 754.7 +1.0
311 0.5140.10 1011.3£507.0 943.3 -68.0
312 0.56+0.11 1272.5£616.6 1320.6 +48.1
313 0.7£0.12 2679.2+1722.3 2678.9 -0.3
321 0.42+0.11 656.7+304.4 641.5 -15.3
322 0.46+0.08 787.5+274.4 754.7 -32.8
323 0.58+0.14 1648.5£1374.8 1697.9 +49.4
331 0.27+0.12 262.2+191.5 566.0 +303.8
332 0.324+0.08 344.2+196.5 566.0 +221.8
333 0.36+0.12 480.1+384.0 566.0 +85.9
A!g‘:i’)g-e 0.52+0.13 1383.5£923.7 1435.24897.2 +51.8
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Figure 6.8 — Scaffold Location Notation (shown for a right leg)

As determined from the p-CT scans, the scaffold had an average relative density of 12.7 % (i.e.
87.3% porous) with strut size ranging from ~80 —400 pm (Dso =210 pm) and pore size ranging
from ~80 — 1300 pm (Dso = 830 um). The strut size and pore size distribution can be seen in
Figure 6.10. The u-CT scans also revealed that no loose powder was present in the scaffold or
visible in the surrounding bone and therefore the scaffolds had been properly cleaned. SEM

images of the scaffold can be seen in Figure 6.9.
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Figure 6.9 — Scaffold SEM Images (Build Direction indicated). A) Medial End of Scaffld,
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Figure 6.10 — Scaffold Strut and Pore Size Distribution

6.2.3 In Vivo Results

All sheep were euthanized after 6 weeks following implantation of the stiffness-matched
scaffold. The volume of bone ingrowth into the scaffolds (BV) was quantified through u-CT
scans, and was divided by the total defect volume (TV) minus the scaffold volume (SV), both
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also quantified through the pu-CT scans per animal and implant, to determine the percentage of
new bone-ingrowth. Bone ingrowth ranged from 7.69% — 16.38% with an average of 10.73%
+2.97% S.D. (Table 6.2).

Table 6.2 — Bone ingrowth results

Animal Leg New Bone Sulz'face Area New Bone YOlume BV/TV BV/(TV-SV)
(mm?) (mm’)

I (Pilot) | Right 3218.5 106.6 6.76% 7.69%

2 Left 43624 1653 8.02% 9.11%

3 Left 8271.1 2389 11.07% 12.61%

4 Left 8206.5 286.9 14.51% 16.38%

5 Right 3926.5 132.6 7.35% 8.47%

6 Right 6606.9 207.9 8.91% 10.11%
Algr;ge - 5765.3+2032.3 189.7+61.9 9.4442.65% | 10.73+2.97%

A typical 3D reconstruction of new bone ingrowth into the scaffolds is seen in Figure 6.11. For
most specimens intimate contact was present between bone and the scaffold over the entire

diameter along the entire scaffold length.

Figure 6.11 — p-CT Renderings of bone ingrowth into a locally stiffness matched porous
scaffold (not shown)

However, for two specimens (Animal 1 and 5) this was not the case. Animal 1 was the pilot
and used a conical end (jobber) drill of @15.5mm and consequently gaps were observed
between the defect diameter and the scaffold. Following the pilot, the drill was changed to a
flat bottom @15mm drill. Defect creation and consequently implant placement on animal 5 was

slightly too distal and not the entirety of the defect was surrounded by bone (Figure 6.12).
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Figure 6.12 — Distal Placement of Scaffold in Animal 5. 9.5 mm from the medial end of the
scaffold.

These issues likely contributed to lower bone ingrowth in these two animals. The pu-CT scans
also revealed a gap between the lateral end of the scaffold and the end of the defect tunnel
ranging between 3-5mm between the animals. However, for animals 2, 3, 4 and 6 bone had
almost bridged the @15 defect and there was evidence of growth into the lateral end of the

implant and not just radially around the diameter (Figure 6.13).

Figure 6.13 — Bone bridging gap. From left to right: A) Bone ingrowth into the lateral end of
the scaffold, B) bone almost bridging the entire defect diameter 2mm from the lateral end of
the scaffold and the defect tunnel, ¢) end of the cylindrical defect tunnel, Smm from the
lateral end of the scaffold.

Quantitative evaluation of osteogenic activity at the bone-implant interface and from the
interior is shown in Figure 6.14. Five pCT slices per animal were analysed at consecutive defect
depths, from the periosteal surface towards the bottom of the defect, perpendicular to the

implant axis (slice 1, periosteal face of the implant; slice 5, marrow face of the implant; slices
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1-5 were evenly spaced by 3 mm). Grading criteria is seen in Section 3.5.2.3. At the scaffold-

bone interface the average formation score was 3.35+0.7 whilst in the interior it was 1.31+1.01.

—e—Animal 1 (Pilot)
—=—Animal 2
Animal 3
1t Animal 4
- —o—Animal 5
o Lo o o ., ——Apimal6

0 5 10 15
Distance from periosteal surface (mm)

Bone Formation Score
(Periphery)
N

—e—Animal 1(Pilot)
- —=—Animal 2
3 L Animal 3
Animal 4
- —e—Animal 5
——Animal 6

Bone Formation Score
(Interior)
N

Distance from periosteal surface (mm)

Figure 6.14 — Osteogenic activity at the bone-implant interface (top) and implant interior
(bottom).

Around the scaffold periphery bone ingrowth depth was consistently 1-2mm and would
encompass the outer strut elements (Figure 6.15, Figure 6.16 and Figure 6.17). In animals 3, 4
and 6 where a greater amount of bone ingrowth was found, thin branches or islets of bone were
also observed deep within the scaffold interior. These are seen in the fluorescent microscopy
image, which highlights mineralization of nascent bone during the last 2 weeks of the study, as
high intensity specks in the scaffold interior (Figure 6.15) and in the histology images (Figure

6.16) as thin branches between the struts.
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Figure 6.15 — Fluorescent Microscopy Images for animals 4 and 6. Islets of bone deep within

the scaffold interior circled

The histology images provide additional information about the pathways of bone
formation within the scaffold. The sections taken, through the middle of the scaffolds (7-8 mm
deep from the periosteal surface), show the nascent bone ingrowth as woven bone tissue. The
structure of which is a very fine, densely branching struts, forming a delicate mesh resembling
embryonic bone. At the periphery of the defect (around the scaffold diameter) at the bone-
implant interface is where the most intense formation of fine woven bone is observed overlaid
with lamellar bone. Embryonic-looking woven bone (Figure 6.16b) is seen in the interior of
select scaffolds (animals 3, 4 and 6), however the networks of woven bone and titanium struts
were intercalated without intimate contact. Osteoblasts line the outer surfaces of all the very
newly formed bone in the scaffold interior (Figure 6.16b), reduced number of osteoblasts are

observed around the more developed bone at the scaffold periphery (Figure 6.16a).
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Figure 6.16 — Histology Images for animals 4 and 6. A and B are magnified sections of the
scaffold periphery and interior respectively. Osteoblasts are indicated by arrows, osteocytes
are circled.

Scanning electron microscopy images obtained with a back-scattered detector
confirmed the histological findings. Figure 6.17 illustrates fine branching networks of woven
bone within the titanium scaffolds. These bone formations contained irregularly shaped
osteocytes, characteristic of woven bone (Figure 6.17b). The variability between contact
between the scaffold and bone is also clearly seen, sometimes bone will engulf the scaffold
elements without intimate contact (Figure 6.17a), whilst there is also evidence of bone on-
growth onto some scaffold elements (Figure 6.17c) and furthermore in areas where newly
formed bone is present, the bone has no to little association with the scaffold (Figure 6.17b).
The SEM back-scatter detector also highlights mineral density, thus the areas of newly formed
bone have a less dense organization and a lower degree of mineralization leading to a darker
appearance. On the scaffold periphery at the scaffold-bone interface, where more developed

and mature woven bone is present, a denser woven — lamellar bone structure is seen. The mature
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woven bone is characterised by a higher degree of mineralization and appears brighter (Figure

6.17a and Figure 6.17b).

Figre 6.17 — BSEM Images of Animal 4. A and C) Scaffold periphery: older (brighter)
woven bone is seen overlaid by lamellar bone. Both complete engulfing of strut elements and

intimate contact between strut and bone are observed. B) Scaffold interior: new embryonic-
looking woven bone is seen with a lower degree of mineralization thus a darker appearance
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6.3 Discussion

This study has presented a method to create implantable devices with a tailored stiffness
gradient that controls the local strain environment to invoke and test a desired
mechanobiological response from bone. The modulus and strength of trabecular bone from the
medial condyle of skeletally mature ewes was characterised and by utilising a clinical CT
protocol with a calibrated multi-material phantom a continuous relationship was established
between apparent density and modulus. Consequently, a porous scaffold was produced to
maintain the mechanical environment of homeostasis at the surgical site, i.e. a 0% strain
difference between scaffold and bone it would be replacing. The short term in vivo performance
of the scaffold in a load bearing environment was seen. The average bone ingrowth into the
scaffolds pores was 10.7342.97% after 6 weeks. To be able to translate in vivo testing in
animals to humans and to compare results between studies related to bone healing and bone
ingrowth, the mechanical environment should be considered and should replicate conditions
close to clinical practise. The goal of this study was not to maximise bone ingrowth into a
porous scaffold but rather to provide a methodology to better test the mechanobiology of bone.
For this reason no bioactive additives, coatings and fillers, or cells and cell derived factors were
used. Yet, this study has demonstrated that an additively manufactured porous titanium scaffold
that is stiffness-matched to the bone it is replacing is a suitable solution for repairing large bone
defects; and by further tailoring the stiffness of the scaffold a desired strain in the bone can be
produced to maximise the speed and quantity of bone repair [2, 4, 5]. The type of approach
presented, could lead to patient specific or cohort specific implants, for example implants that
either, take advantage of the higher healing capacity of younger active patients and provide
very low stiffness porous implants that accelerate bone regeneration or consider the poorer
bone quality of older patients and provide more load bearing and durable implants. As well as
moving towards porous structures mechanically tuned to specific anatomical locations to either

reduce stress-shielding or to improve bone repair.

6.3.1 Mechanical Response of Trabecular Bone and AM Porous Materials

The behaviour of the trabecular bone tested and of the porous CP-Ti specimens were typical
of open-cell stochastic materials [11]. The use of a hysteresis loop or preconditioning remains
contentious in bone testing [12]. For porous metal specimens, a hysteresis loop is necessary as
surface strain measurements have indicated that there is localised plasticity in the specimen at
stresses well below the compressive strength of the foam, reducing the slope of the initial

loading curve [13]. From the stress-strain plots in Figure 6.5 it is clear that stiffness measured
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from the initial loading curve vs. the hysteresis loop will give different results, however to
reduce structural edge effects and since bone is a material that is constantly under cyclic loading

it seems appropriate to obtain stiffness from a hysteresis loop.

As bone is responsive to the loading environment, it has been found that the structure and
density of trabecular bone will vary with anatomical site [7, 10, 14]. Regardless of the structure,
the relationship between strength, modulus and relative density of bone or any porous
structures has been described by models developed by Gibson and Ashby and detailed earlier.
With relative stress/strength and relative modulus both being proportional to relative density

n E m . . .
to a power exponent 7« (ﬂ) and — « (i) respectively and relative strength being

0o Po Ep Po

n
proportional to relative modulus to a power exponent (oio x (EEO)E). These relationships have
been found to be true for the porous metal structures tested in this research (Chapters 4, 5 and
Appendix B) as well as by other authors in literature [15, 16]. These relationships also
accurately describe the trends seen in Figure 6.6a and Figure 6.7 for trabecular bone. It is
important to note that the bone relationships are not only animal specific but potentially site-
specific and for on-axis loading only. It has been found that there is no single, universal
modulus-density relationship across anatomic sites for on-axis loading, as predicted values of

modulus at a given apparent density can differ between sites by 49% [14].

The mechanical testing results also highlight one of the key aspects of trabecular bone as a
material; and that is its high strength to stiffness ratio. At high porosity (low relative density)
and thus low stiffness, the strength-to-stiffness ratio of bone was on average 24% + 2% S.D.
difference greater than the porous CP-Ti specimens. Previously in Chapter 5 it was shown that
statically Ti64 has a 45% difference greater strength-to-stiftness than CP-Ti however in high
cycle fatigue however CP-Ti was seen to have a 19% difference greater fatigue strength-to-
stiffness and thus was the preferred alloy for this study, in addition to lower infection risks.
Materials such as tantalum or titanium-tantalum alloys may be even better suited for low
stiffness porous scaffolds that require high cyclic fatigue strength [17, 18] as seen in Chapter
5, however, CP-Ti was chosen as the implant material due to the requirements of quantifying
bone ingrowth via tomographic imaging and in order to make comparisons to an associated

study [5].
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6.3.2 In Vivo Performance of Stiffness-matched Scaffolds

There is difficulty in comparing in vivo studies as different animal models, study lengths
and implantation sites and sizes are used; combined with varying mechanical properties of
scaffolds there will be different biomechanical environments. A similar defect location and size
was also used in an ovine model, however bone ingrowth was only studied in an empty defect
[19]. This model naturally has a far higher modulus difference between the original bone and
the empty defect when compared to the original bone and the stiffness-matched porous
scaffold. Consequently, they found greater bone ingrowth, BV/TV of 17.7% than this study.
However, the bone was given a radiographic score of 1 (no visible bone formation within the
defect, radiographic density considerably less than adjacent bone), all the new bone was centred
around the periphery of the defect, whilst the centre was filled with fibrous tissue. In a related
study to this work, different scaffold materials, porous architectures and moduli were
investigated in an identical ovine model. The study reported two mechanisms of osteogenesis;
that regardless of scaffold stiffness bone regeneration around the periphery of the bone-implant
interface was consistent however bone ingrowth deep into the scaffold interior was inversely
correlated to scaffold stiffness with the lower the stiffness of the scaffold the greater the bone
ingrowth [5]. The low stiffness (~200 MPa) scaffolds from the related study were significantly
less stiff than the bone they were replacing (Table 6.1) and lamellar bone was seen both on the

periphery and deep within the scaffold.

The short 6 week study length allowed for a snapshot of bone regeneration to be
observed. Embryonic-looking woven bone in the interior of scaffolds to more developed and
mature structure of woven bone overlaid with lamellar bone at the periphery of the bone-
implant interface were present (Figure 6.17). The structure and function of woven bone differs
from lamellar bone, woven bone is a trait of the initial, transient stage of osteogenesis and can
be initiated by events such as an injury response or in foetal development. Thus, it normally
precedes lamellar bone, in order to provide anchorage and be a suitable substrate for deposition
of lamellar bone [20]. Whilst its mechanical properties are inferior to lamellar bone, woven
bones provides a biological scaffold whose properties can be adapted by deposition of lamellar
bone. “True osteoinduction” is the term used to describe the formation of woven bone within
a fracture callus not associated with existing trabeculae. This also accurately describes the
networks of woven bone within select scaffold interiors that were dissociated from the struts
of the porous scaffold. Conversely, lamellar bone occurs as an adaptive response [21] and is

typically deposited in response to bone strain exceeding about 0.1% [22]. This is consistent
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with the findings of the study, the stiffness-matched scaffold which was designed to maintain
homeostasis saw little amounts of lamellar bone formation, whilst for scaffolds significantly
less stiff than the bone it was replacing, such as in [5] vast amounts of lamellar bone were

present due to the mechanical demands.

A similar pathway of bone regeneration was also found for porous titanium additively
manufactured scaffolds implanted in the cortical bone of a critical segmental sized defect mid-
tibia in an ovine model [4]. The study recapitulated the postulated “two waves theory” of
cortical bone growth in an unimpaired defect healing situation [20, 23]. Bone regeneration was
found to begin with woven bone, which also showed a less organised and less mineralised
structure, whereas the older bone at the interface between adjacent tibia and scaffold had
already been augmented and overlaid with lamellar bone. Thus, the initially highly porous
primary bone structure served as an endogenous scaffold to direct the formation of lamellar
bone with improved mechanical properties. The results of the study also supported the
consideration of mechanobiology and found the lower the stiffness of the implant the greater

the bone ingrowth. [4]

6.3.3 Limitations

There are a number of improvements that could be made to this study. Firstly, the locally
stiffness-matched scaffold was designed based on an ex-vivo cohort and not tailored on a sheep
by sheep basis. Variability in bone ingrowth can be explained by a number of factors including
the capacity for mechanosensation of the host, age and physical activity of the animal, although
in this study neither the individual nor group levels of mobility of the sheep were monitored
[24, 25]. It has been reported that in sheep there is high variations in load at the knee, and that
the inter-subject variation, which was also representative of human subjects, was attributed to
individual gait patterns [26]. In this study, the apparent density, modulus and strength results
(Figure 6.6 and Figure 6.7) for the ovine bone mechanically tested showed a wide spread of
data despite the trends for apparent density vs. modulus and modulus vs. strength having high
correlation coefficients. Therefore to better ensure a 0% strain difference between the scaffold
and bone and that the local biomechanical demands for each individual subject were taken into
account, each sheep could have been CT-scanned prior to surgery and based on those apparent
density values a custom (patient-specific) scaffold could have been manufactured utilising the

apparent-density modulus relationship derived earlier.
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A limitation to the bone property quantification portion of this study is the large specimen
size required for mechanical testing (25x10 mm), particularly relative to the fine CT-Scan
resolution (0.5 mm voxels). The specimen size is necessary for accurate mechanical testing, as
in order for a cellular structure to behave as a continuum and not be effected by individual
trabeculae or edge effects of the structure it must be of sufficient size [12]. However, since
trabecular bone varies locally, as is evident when looking at the apparent density, the results of
the mechanical testing will reflect the least stiff and weakest portion of the bone core and not

necessarily the average of the entire bone core.

Another limitation was that bone and the porous scaffold were only stiffness-matched in 1
direction, for bone that was along the mechanical axis of the femur and for the porous scaffolds
it was along the build direction. The isotropy or anisotropy of both the porous scaffolds and
the bone in the medial femoral condyle needs to be characterised in order to truly ensure a 0%
(or whatever the strain gradient being tested) strain difference in all directions. Also no
mechanical validation was performed of the stiffness matched lattice to measure whether the
desired moduli were achieved in each respective section. There are many challenges to test a
functionally graded or variable stiffness structure and thus new test methodologies or validation

methods would need to be developed.

Finally during surgery, patient specific drill guides could have been used to better
standardise defect locations and sheep weights and activity could be better monitored. The last
consideration regarding this study is how much the modulus of the base material of the porous
scaffold and the resulting stiffness mismatch between the individual titanium struts and bone
trabeculae affects bone ingrowth. It is likely reducing this mismatch would improve

osseointegration into the scaffold and on-growth onto the strut elements.
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6.4 Summary

This chapter has demonstrated a workflow to not only more accurately test the
mechanobiology of bone in response to an implanted porous scaffold, but to test any
variable of a porous scaffold whilst maintaining consideration of the mechanical
environment.

The apparent density and modulus of trabecular bone in the medial femoral condyle of
skeletally mature ewes was characterised by utilising a clinical CT protocol with a
calibrated multi-material phantom and mechanical testing. Apparent density ranged
from 0.2 to 0.8 g/cm? whilst modulus ranged between 56.5 and 2,737.7 MPa

A power law relationship was observed between apparent density and modulus of the
trabecular bone cores as well as between yield strength and modulus.

The cancellous bone data for the ovine medial femoral condyle was combined with
ovine femoral cortical bone data (reported in [9]) with a linear interpolation between
the two datasets to produce a continuous relationship covering the entire apparent
density range of ovine bone.

The bone cores displayed greater strength-to-stiffness than the uniform moduli porous
CP-Ti scaffolds (Chapter 5) by 24%.

The variation in stiffness was mapped at a fine resolution locally in the medial condyle
of sheep at the surgical site, discretised into 27 sections, based on the previously
established apparent-density modulus relationship.

o Apparent density for the surgical site ranged on average from 0.27 to 0.76 g/cm?
with a modulus varying between 198.2 and 2,588.0 MPa respectively. Average
modulus was 1383.5 MPa across the 27 sections.

A stochastic porous scaffold intended to maintain mechanical homeostasis was
designed and manufactured. The scaffold had equivalent stiffness and stiffness
variation as the bone it would be replacing.

o The produced scaffold had a modulus ranging from 566.0 to 3584.4 MPa with
an average modulus over the 27 sections of 1435.2 MPa.

Scaffolds were implanted into the medial femoral condyle of 6 ewes.
The average bone ingrowth into the scaffolds pores was 10.734+2.97% after 6 weeks
and displayed various stages of bone development from fine embryonic-looking woven

bone in the interior of the scaffold to more developed and mature bone structure of
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intense formations of fine woven bone overlaid with lamellar bone at the implant-bone
interface.

The clinically applicable and pragmatic workflow presented will allow future in vivo
testing to test specific bone strains on bone ingrowth in response to a scaffold and allow

for better translation from in vivo testing to commercial implants.
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7 Chapter 7 — Conclusion and Future Work

The overall aims of this research were to maximise the mechanical performance, both
quasi-statically and in high-cycle fatigue, of architectured porous structures produced by
powder bed fusion for application as a bone in-growth implant and to present a clinically
applicable and pragmatic approach to the design, development and in vivo testing of the
mechanobiology of bone in response to a porous scaffold. The research completed throughout
this thesis has included a number of novel studies and investigations. The impact of which will
further the development, adoption and improvement of additively manufactured porous
structures where mechanical strength is paramount. This chapter will summarise the work

produced in this thesis, make concluding statements and discuss future avenues for research.

7.1 Conclusions

As the future of architectured material generation is likely to move from solid CAD
modelling, which is computationally expensive, to line based representation it is imperative to
know how laser parameters and scan strategy relate to strut thickness and consequently if any
process parameters rules can be utilised to maximise strength. The initial finding of this thesis
showed that using specific enthalpy equations instead of traditional energy density equations
can produce a far more accurate and scalable model relating strut thickness to the laser
parameters. Whilst the model has limitations and will not be as accurate as a FEA/CFD model
it allows engineers a quick tool to more accurately know what the effect on strut size will be

with respect to a change in laser parameters without building a large array of specimens.

It was also shown that the mechanical properties of a porous structure produced by
powder bed fusion are not only affected by its geometric properties (strut thickness, density,
internal porosity etc.) but also by its method of manufacture. The method and rate of energy
delivery and laser scan strategy had a significant effect on the strength of a stochastic porous
structure for a given stiffness or density. When optimising laser parameters and scan strategy
for a porous structure it was found that the optimum method of energy delivery is material
dependent. Therefore it is vital to understand the effect of laser parameters (and consequently
on cooling) on microstructure and texture and that must be done on a material by material basis.
The effect of laser parameters and scan strategy on high cycle fatigue strength of AM porous
structures was also explored and quantified. Optimisation of the laser parameters was found to

increase the fatigue strength for a given stiffness of porous AM structures by 7% whilst it was
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seen that building with a contour strategy produced structures with a greater fatigue strength

for a given stiffness by 8%, compared to the points and pulsing strategies.

This work has demonstrated that the trends observed during fatigue testing for monolithic
metals and statically for solid and porous structures are not always indicative of the high cycle
fatigue behaviour of porous additively manufactured materials. The static strength and fatigue
strength to stiffness ratio of common orthopaedic biomaterials (CP-Ti, Ti64 and Ta) and a TiTa
alloy were reported. Statically it was seen that Ti64 had the greatest strength for a given
stiffness, T164 had a greater o,.E than TiTa by 9%, 38% greater than Ta and 45% greater than
CP-Ti. The strength:stiffness trends seen statically for the porous structures match those that
have been reported for their solid counterparts. However, unlike their solid counterparts, porous
Ta and TiTa had the greatest fatigue strength for a given stiffness, 8% greater than CP-Ti and
19% greater than Ti64. Therefore, not only do the mechanical properties of the parent material
need to be considered when choosing a material to maximise the high cycle fatigue behaviour
of porous AM structures. It is also vital to consider notch sensitivity, ductility, internal porosity

and microstructure of the material.

Finally, this work has presented a workflow to more accurately test the mechanobiology
of bone in response to an implanted porous scaffold. The work has also highlighted the
importance of knowing the properties of the bone being replaced in order to drive the design
of the mechanical properties of a porous scaffold. By characterising the local variation of
trabecular bone properties in the medial femoral condyle of skeletally mature ewes a scaffold
was created that matched the variations in moduli. The difficulty in material selection for
porous scaffolds was also evident as the trabecular bone tested displayed higher strength at a
given stiffness compared to commercially pure titanium porous scaffolds. The short term in
vivo performance of the locally stiffness matched scaffold (i.e. to maintain mechanical
homeostasis) in a load bearing environment was seen. The average bone in-growth into the
scaffolds pores was 10.73+£2.97% after 6 weeks and displayed various stages of bone
development from fine embryonic-looking woven bone in the interior of the scaffold to more
developed and older bone structure of intense formations of fine woven bone overlaid with
lamellar bone at the implant-bone interface. The clinically applicable and pragmatic workflow
presented in this study will allow future in vivo testing to test specific local strain/modulus
differences between a porous scaffold and bone. This is in contrast as opposed to the global
differences that have been tested historically and should allow for better translation from in-

vivo testing to commercial implants.
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Ultimately potentially leading to porous structures mechanically tuned to specific
anatomical locations to either reduce stress-shielding or to improve bone repair. And porous
implants tuned to patients or cohort groups; in order to, for example, take advantage of the
higher healing capacity of younger active patients and provide very low stiffness porous
implants that accelerate bone regeneration or consider the poorer bone quality of older patients

and provide more load bearing and durable implants.

7.2  Future Work
The work carried out during this thesis and the conclusions found lead to many future

avenues for research, which are detailed below.

7.2.1 Microstructure and Cooling Rates

The focus of this thesis was on mechanical performance of stochastic additively
manufactured structures. One of the root causes behind strength differences for a given stiffness
between samples built via different laser powers or scanning strategies was deemed to be
microstructure. The initial microstructural analysis and EBSD suggest varying the laser
parameters and scanning strategies lead to differences in texture and probably grain
sizes/morphology, likely caused by changes in cooling rates. Therefore, a more detailed study
of microstructure due to different laser parameters and scanning strategies is required.
Specifically looking at grain size, grain size distribution, quantity and constitution of phases
present and texture. This analysis can be extended by looking at how microstructure and texture

change with angle of strut and nodal junctions.

Utilising the two camera setup as described in Chapter 3, allows the temperature of the
melt-pool to be measured and consequently cooling rates can be measured as well. Mechanical
strength is affected by changes in microstructure which in LBPF is heavily influenced by the
cooling rates from melting back to solid. An experiment building and tensile testing single
struts manufactured via the points, contour and pulsing strategies and at high and low powers,
should be able to tie together how different cooling rates produce specific microstructures and
change grain size, grain morphology etc. and ultimately alter the tensile strength of the struts
as well. Possibly some minor differences in Young’s modulus may be observed as well due to

quantity of phases present.

7.2.2 Thermal Post-Processing
All specimens built in this study were in the as-built condition and likely suffer from

some residual stress, although it is unlikely that a great deal of thermal stresses are built up in
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small porous parts. Also, the amount of residual stress built up in components will be material
specific, and so comparison between materials in Chapter 5 may not have been made between
materials in the exact same condition. In addition, standards for titanium’s use as a medical
implants, states that the microstructure must not contain o’ acicular microstructure. As well,
studies have shown improvements in fatigue life due to thermal treatments. Therefore, future
work needs to examine thermal post-processing on both microstructure and mechanical
performance. However, optimisation of thermal post-processes to attain a certain
microstructure to improve fatigue strength will be material specific. Generally, any thermal
post-processing will reduce static strength but will likely increase elongation whilst having
negligible effects on modulus. Improvements on fatigue strength-to-modulus will need to be
characterised based on different thermal heat treatments. Finally, a comparison should be made
between hot isostatic pressing, which can reduce porosity, and a similar thermal heat treatment
to understand the role of defect/crack reductions vs. microstructural changes on static and

fatigue strength.

7.2.3 Mechanical Post-Processing

As stated in Chapters 4 and 5, fatigue crack initiation sites tend to be on the surface for
additively manufactured specimens, thus future work should examine the role of improving
surface finish on greater fatigue strength. Initial studies have examined acid etching and
electropolishing and have found improvements in specific fatigue strength. However, the effect
of mechanical post-processing on long term fatigue strength is still under-reported especially
with respect to both relative density and stiffness. Novel methods to either remove semi-fused

surface particles or increase the sinter-neck of semi-fused particles should also be explored.

7.2.4 Structural Optimization

A single stochastic specimen was generated for all mechanical testing with changes in
relative density and modulus arising from changing the strut thickness via altering the laser
parameters and scanning strategies or changing the base material. Initial investigations have
suggested that altering the connectivity of the stochastic structure changes the strength-to-
stiffness and strength-to-weight, with the lower the connectivity the better the strength-to-
stiffness. Future work needs to investigate why this is the case and what the role of connectivity
is on fatigue strength with respect to both stiffness and weight. In addition to this, for a given
unique specimen, a single laser parameter was applied to all struts regardless of strut angle.
Chapters 4 and 5, indicates that for a given laser parameters the lower the angle of the strut the

greater the thickness, therefore investigating the effect of varying the laser parameters on
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different strut angles on mechanical optimisation and isotropy/anisotropy should be
considered. E.g. Increasing the thickness of vertical struts relative to lower angle struts will
likely increase stiffness and anisotropy, however it remains unclear what the effect on fatigue

strength and strength-to-stiffness would be.

7.2.5 Titanium — Tantalum Alloys

There is also greater scope for more investigation into AM titanium-tantalum alloys.
The titanium-tantalum structures produced in this work were made from blended titanium and
tantalum powders in a ratio chosen based on maximising strength-to-stiffness, with high
elongation and low cost. The first improvement to this should be manufacturing samples from
pre-alloyed powder, which would likely produce better and more consistent mechanical
properties and microstructure. Also, the effect of tantalum ratio in titanium on high cycle
fatigue strength with respect to stiffness should be investigated; as historic testing has typically
only performed tensile testing and microstructure analysis when investigating the effect of

tantalum ratio in a titanium alloy.

7.2.6 Fatigue Strength

The fatigue strength testing performed in this work was limited by the number of
variables that were tested and was used primarily for comparative purposes. To better
characterise the long-term behaviour of these structures and better understand their probability
of failure in orthopaedic applications, more samples (~n=30) per unique specimen should be

tested and at even longer cycles to failure (10 million).

7.2.7 In Vivo Testing

As stated in the limitations in Chapter 6, the locally stiffness-matched scaffolds were
designed based on an ex-vivo population. To better maintain mechanical homeostasis or to
better test the mechanobiology of bone, patient specific stiffness matched implants should be
produced. Other improvements to the locally stiffness-matched scaffold can include matching
the properties of bone in more than one direction (i.e. matching the anisotropy), and developing
better methods to locally quantify bone properties (i.e. digital image or volume correlation,
ultrasound testing) as the resolution (size of the bone cores) for mechanical testing is relatively

coarse when compared to the CT-scanning resolution.

Future work should also look at testing for specific bone strains (modulus differences)
as opposed to for mechanical homeostasis. Future in vivo studies should also try to characterise

and monitor activity level as well as the weight of the sheep in order to try and normalise any
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variation in ingrowth results based on load passing through the defect which will vary by sheep.
Also, the short-term vs. long term differences in scaffolds which produce different bone strains
can also be looked into. In order to better understand the requirement for fatigue strength of
porous scaffolds the local mechanical environment should be better characterised, i.e. the local
stress due to daily activities such as walking, running etc. Finally, the workflow developed and
consideration of mechanobiology now allows for better testing of variables such as pore size,
porosity, strut size, pore shape, porous architecture, surface modifications and different alloys;
all whilst trying to maintain equivalent mechanical properties between scaffolds and thus these
geometric and structural scaffold properties should be investigated again under these

considerations.
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8 Appendix A — Specific Enthalpy Models Raw Data

The values used to calculate specific enthalpy for the various materials are seen below, where

specific enthalpy (AH):

AP
AH =
poJT D - u- B3
Material A P (kg/m?) D (m?/s)

CP-Ti 0.55 [1] 4510 [2] 8.23x10° [3]
Ti64 0.45 1] 4420 [4] 4.8x10° [3]

Ta 0.42 [1] 16600 [5] 2.35x10°7 [3]
TiTa 051 [1] 5710 [6] 128 x10°7 [3]
SS316 0.4 [7] 8100 [8] 5.38x10° [7]

The following are the strut thickness — specific enthalpy plots for all materials and strategies

investigated as well the raw data used to construct the plots.
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Commercially Pure — Titanium

CP-Ti Contour Strategy
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Titanium — 6 Aluminium — 4 Vanadium ELI

a. Tied Points Strategy

0.7
0.6 r
€05 r
E L
§0.4 -
c L
-
2 03 r >
= o _—
= i % J/,// © 90° R?=0.78
| - )( o
Hh02 F =5 o o 60° R?=0.91
i 88 3 45° R?=0.94
0.1 r 30° R?=0.93
- x 15° R?=0.93
0.0 1 1 1 1 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000
AH (J/kg)
b. Ti64 Contour Strategy
0.6
05 r
€
._E,_ 0.4 r
v -
@
£03 }
=
£ L
'_ -
302 Lo © 90° R?=0.96
@ oSBT © 60° R2=0.93
o p2_
01 | 45° R*=0.90
30° R*=0.92
% 15° R?>=0.93
O 1 1 1 1 1 1 1 1 1
0 250 500 750 1000 1250
AH (J/kg)

182



Strut Thickness (mm)

0.5

o
>

o
w

o
]

o
=

0.0

c. Ti64 Pulsing Strategy

Appendix A

O 90° R?=0.87

7160° R*=0.97
45° R?=0.96
30° R?=0.85
x 15° R?=0.89
250 500 750 1000 1250 1500
AH (J/kg)

183



Appendix A

S€0°0
500
0S0°0
w00
0200

€v0'0
L¥0'0
w00
00
€500

8€0°0
800
S€0°0
V00
L2000

200
L20°0
8200

690
€S0
S6v°0
8TV'0
T1€0

019’0
987°0
90v'0
¥S€°0
89¢°0

s’o
6070
80
80€0
8SC0

89¢€0
S8¢°0
61C°0

(ww)-g's  (ww) ypim

s ST

7700 w90
L£0°0 6150
€00 ovr0
7200 STr0
¥20'0 20£°0
€00 €S0
0200 o
9100 SpE0
100 LCE0
6100 €970
8200 vL5°0
SE00 0LE0
6100 170
€00 1970
8100 (520
9200 670
8200 weo
100 210
7100 8810
(ww)-g's  (ww) ypim
nns o€

L2000
LE00
0€00
6100
0100

8100
200
6100
100
100

00
LT00
S10°0
T¢00
9¢00

Tc00
1100
6100
9100
00

(ww) ‘a's

090
€SY°0
90v7°0
09¢0
¢6C°0

00s0
6L£°0
0€e0
80€°0
V0

LSY°0
TS€0
SST0
90
aeo

0L¢0
EvT0
S91°0
810
14%Y

(ww) yaprm
nas Sy

9200
0€00
€00
€€00
100

00
S10°0
LT00
0200
ST10°0

€¢0°0
8100
€100
ST10°0
9100

8100
¥10°0
€200
100
6100

9¢s0
Sevro
6€°0
S9€°0
68¢°0

0050
TLE°0
0ceo
€0€°0
0S¢0

8v°0
TLE0
€900
SEC0
vico

LyC0
€€C0
TL1°0
€ST0
8v1°0

(ww)-g's  (ww)ypim

nns 09

9100
LT00
100
€100
100

€100
S10°0
S¢00
8100
€100

€€0°0
LT00
8100
S¢00
9100

8000
9100
€100
S¢00
S10°0

66€°0
€T€0
8T¢0
90€0
69¢°0

Sov0
16C°0
vLT0
L6C°0
weo

607°0
T1€0
01C’0
0610
0610

L0C0
981°0
wio
w0
ST0

(ww)-g's  (ww) ypim

nis 06

8T€°089¢
¥€6°906T
TSL79ET
VEL'[86
06v'67L

6€¢°0T0C
10C°0evT
€95°€C0T
108°0VL
8TT'LVS

C17'6881
6STOVET
L9¥°€S6
9/€7C89
£98°€6Y

90L'¥vv6
080°0£9
VELILY
88T'TYE
€6°917C

HV

2900
[44%0]
8€C0
SSv0
€€8°0

2900
[44%]
8€C0
SSv°0
€€8°0

€00
2900
[44%0]
8€C0
SSsvo

1€00
7900
[44N1}
8€C0
SSv°0

(s/w)
n

Buisind

0s
0s
0s
0s
0s

0s
0s
0s
0s
0s

0s
0s
0s
0s
0s

0s
0S
0s
0s
0s

wn
duessiq Juiod

008
oov
00¢
00T
0s

008
00y
00¢
00T
0s

0091
008
(0014
00¢
00T

009T
008
0o
00¢
00T

(sn)
awy) ainsodx3

00¢
00¢
00¢
00¢
00¢

0sT
0sT
0sT
0sT
0sT

00T
00T
00T
00T
00T

0s
0S
0s
0s
0s

(m)
lamod

Ti64 Points Strategy Raw Data

184



Appendix A

0£0°0 8IY'0
0£0'0 €2€0
0200 7€€0
L2700 662°0
8100 9€C'0
€£0°0 8050
620°0 YIr'0
7€00 65€°0
¥20'0 87€°0
6200 9€2'0
0200 620
6200 8€€0
L10°0 60£°0
7200 ¥92°0
Sv0'0 7520

(ww)-a's (ww)ypim

inas ST

0200 16€0
€200 1220
0£0°0 ¥62°0
6100 L€T0
1100 1120
8200 €L70
¥20'0 S9€°0
8100 2430}
1200 <870
8100 2070
1200 9120
ST00 ze0
7200 ¥S20
9100 SST0
1100 9220
€200 5020

(ww)-a's  (ww)ypim

IAS 06

Tc00
L10°0
¥¢0'0
€100
¥10°0

£20°0
ST00
6100
00
ST00

9100
100

100
€100
<100
100
€100

(ww) a's

S8¢°0
681°0
6SC°0
8¢C0
€610

1144
S9€°0
0ce0
LLT°0
9810

S81°0
€910

60€°0
6SC0
8¢C0
[4440]
06T°0

(ww) yptm
NAS Sp

€100 2o
1100 S8T°0
1100 ¥92°0
ST00 0€20
€100 6.T°0
L10°0 €EV0
920'0 89€°0
L10°0 0£€0
¥10°0 1820
1100 L8T°0
1100 LLTO
0200 ¥9T0
9100 ¥62°0
9000 ¥S2'0
1100 ¥z 0
¥10°0 1020
7100 6LT°0

(ww)-a's (ww)ypim

nas 09

S100 892°0
S100 08T°0
€100 8/7°0
6000 STT0
ST00 €6T°0
6000 90v'0
S100 S9€°0
9100 87€°0
1000 8/7°0
0100 1810
¥10°0 0LT°0
0200 09T°0
1200 7910
¥10°0 S0Z°0
¥10°0 SLT0
L100 7910
1200 69T°0
0200 1ST'0

(ww) - as (ww)ypim

nAs 06

06v'6¢L
LST°/SS
£98°€6Y
88T'TYE
€6°917C

VEL (36
T08°0vL
AR
1986y
E€6°9vC

1SC'8¢€C
889°8LT
£06'8VT

0£6°€6€
LLY°S6C
S86'96T
885°/ST
T6T'8TT

HV

€€8°0
6Cr'T
SSv0
8€C0
SSv°0

SS°0
A
SSv0
SSv°0
SSv0

0SCT
0s¢T
0SC'T

1.0
1.0
viL0
1.0
14740

(s/w)
n

Suisind

00T
00T
00T
00T
00T

0S
0s
0s
0s
0s

0s
0s
0s

S¢
S¢
S¢
S¢
S¢

wn
aouelsiq julod

00T
0s
00¢
oov
00¢

00T
00T
00T
00T
00T

0€
(03
o€

o€
0€
o€
o€
0€

(sn)

awi] ainsodx3

00¢
00¢
00T
0s
0s

00¢
0SsT
Sct
00T
0s

08
09
0s

00T
SL
0s
ov
(3

(m)
J1amod

Ti64 Contour Strategy Raw Data

185



Appendix A

6€0°0
€€00
€00
€200
LS00

¢s00
Sv0'0
9€0'0
100
100

€¢0°0
8¢00
100
8€00
0¢00

000
S€0°0
€200
€00
[44o)]

SveE0
LEEO
0Te0
06¢°0
S9¢°0

96€0
6v€’0
weo
80€°0
6€C0

€€E0
80€0
98¢°0
¥SC0
Vo

T1e0
€9¢°0
€SC°0
¥9C0
1744

(ww)-g's  (ww) ypim

s ST

1200 €0€0
9100 €87°0
100 €920
9100 weo
5200 LETO
£100 ¥SE0
0200 0]
9100 r4330)
100 6v2°0
8100 £0T0
5200 892°0
1200 €970
8100 8€7°0
200 vST0
6000 0610
100 ovz0
100 9570
S10'0 120
£100 2020
6100 89T°0

(ww)-g's  (ww) ypim

nns o€

6100
1100
€100
1100
8000

100
100
€100
9100
9100

8100
00
100
100
0t00

€100
8100
100
Tc00
6100

(ww) ‘a's

€8C°0
S9¢°0
SEC0
Tceo
681°0

Tee0
£0€°0
68C°0
LYT0
810

¥9¢°0
€SC°0
EvT0
610
oUro

o
£0C°0
1610
€810
¥91°0

(ww) yaprm
nas Sy

LT00
0T00
6100
8100
100

€100
S10°0
1100
6000
6100

100
8100
S10°0
8000
ST00

9100
0200
100
100
L10°0

¥6C°0
9S¢0
El7a]
€CCo
S8T°0

Se0
60€°0
S8¢°0
weo
98170

89¢°0
SSC0
€0
L8T0
SLT0

9TC0
€170
S81°0
€810
1910

(ww)-g's  (ww)ypim

nns 09

1100
0¢00
6100
8100
9200

1100
0100
ST0°0
6000
9100

0100
1100
£00°0
LTO00
9100

8000
€000
8100
67100
0200

6vC0
veCo
STC0
00
881°0

80
0S¢0
oveo
STC0
810

LCC0
8T¢0
881°0
L9T°0
8510

LLTO
i ZAN0)
1910
9sT0
ST0

(ww)-g's  (ww) ypim

nis 06

LL0°6C8
9L€7C89
LS6°ET9
£98°€6Y
§96°CEE

999°'SCcT
999°700T
9€57968
6€C°0TL
88°CSy

986'818
08cees
9¢°009
oL LTy
99¢eLe

667185
£96'v0S
8ES VIV
99¢eLe
€18°L6¢

HV

1910
8€C°0
620
SSv0
000°T

8100
8¢0°0
€00
SS0°0
SET0

00
¢s00
L1070
ST
00C0

2800
60T1°0
1910
000
€1€°0

(s/w)
n

ST
ot

ST
ot

ST
a

<

(V4
ST
ot

Buisind

0s
0s
0s
0s
0s

0s
0s
0s
0s
0s

0s
0s
0s
0s
0s

0s
0S
0s
0s
0s

wn
duessiq Juiod

(014
0c
(014
(4
0¢

08T
08T
08T
08T
08T

08
08
08
08
08

o€
0€
0€
o€
o€

(sn)
awy) ainsodx3

00T
00T
00T
00T
00T

0s
0s
0s
0s
0s

0s
0s
0s
0s
0s

0s
0S
0s
0s
0s

(m)
lamod

Ti164 Pulsing Strategy Raw Data

186



0.4

Strut Thickness (mm)
o o
N w

o
=

0.0

Appendix A

Tantalum

Ta Contour Strategy

© 90° R?=0.80
0 60° R?=0.91
45° R*=0.88
30° R?=0.92
x 15° R?=0.91

50 100 150

AH (J/kg)

187



Appendix A

T¢00 [4430]
6¢0°0 Tweo
L200 61€°0
6100 ¢0€0
LT00 L6C°0
L20°0 18¢°0
ST0°0 T9C°0
0200 LST0
9¢0'0 T€EE0
8700 LTE0
8¢0°0 L6C°0
8200 £9C°0
1200 79¢0
8100 LECO
€200 6€C°0
S20°0 9¢0

(ww) a's (ww) yip1m
nas St

100 S0€°0
1100 S0€°0
L10°0 LLT0
100 19¢°0
0¢0°0 LSC0
¥20°0 6¢C°0
0¢0°0 6TC°0
6€0°0 610
00 T1€0
1200 200
€200 S6C°0
100 09¢°0
0200 8810
S10°0 691°0
8100 ¢sT0
8€0°0 ¥0C0

(ww) ‘g's (ww) yprm
nas 0€

€100 S6¢°0
000 0€0
L10°0 L0€°0
100 09¢°0
100 €¢C0
¥¢0'0 90¢°0
T¢00 S61°0
L10°0 ¥81°0
100 [4%40)
0¢0°0 600
00 8C°0
9100 6SC°0
9100 €LC°0
8100 €5C°0
6100 T€C0
S10°0 €1C°0

(ww)-a's  (ww) ypim
nas st

000 0ce0
8100 6C°0
100 T0€°0
8100 08¢0
LT0°0 €CC0
LT00 1o
100 06T°0
6000 691°0
000 TCe0
200 €0€°0
S¢0°0 €0€°0
6¢0°0 €9¢°0
8100 1,20
8100 89¢°0
8100 6vC’0
ST0°0 €¢C0

(ww) ‘g's  (ww) yipim
nns 09

100 8¢E0
100 TT€0
100 8S¢°0
L10°0 LTC0
9100 0€C0
9100 c1eo
T10°0 €81°0
100 [4AN0)
€00 0s€0
1200 LCE0
¥c0'0 ¥8¢°0
T¢0°0 €LT°0
00 €5C°0

(ww) @'s  (ww) yapim
nas 06

L¥€°00T
80976
L6V'88
€€6'18
V6L VL
0Sy'19
L6E°LE
6v'€E

96C°66
86°16
6€0'18
09¢'sL
11€°99
vrSes
0ce'8e
veL e

HV

9550
S9°0
v1L0
€€8°0
000°T
€€8°0
000°T
0SC'T

S€0°0
00
0s0°0
2900
800
(440
8€C0
SSv°0

(s/w)
n

0s
0s
0s
0s
0s
0s
0s
0s

0s
0s
0s
0s
0s
0s
0s
0s

wn

Suisind 9duelsig julod dwil aunsodx3

08
0L
09
0s
or
0s
oy
(013

(0029
00¢T
0001
008
009
(004
00¢
001

(sn)

00¢
00¢
00¢
00¢
00¢
0SsT
00T
001

0s
0s
0s
0s
0s
0s
0s
0s

(m)
Jlamod

Ta Contour Strategy Raw Data

188



Strut Thickness (mm)

o
o

o
n

o
~

©
w

o
N

o
[EE

o
o

Appendix A

Titanium — 30 Tantalum

TiTa Contour Strategy

: © 90 R?2=0.90
25 760 R?2=0.94
45 R?=0.93
30 R?=0.92
x 15 R?=0.92

250 500 750
AH (J/kg)

189



Appendix A

SC0°0 S1S°0
€€0°0 4y
ST0°0 0cvo
6100 0ov'0
000 90
¥c0'0 oveo
€€0°0 66C°0
¥c0'0 SLT0
9100 85C°0
€€0°0 S0
9€0'0 [444Y)
€200 §8€°0
6€0°0 6€€°0
€00 v6C°0
S¢0°0 vieo
9100 86C°0
(Y00 0Lc0
600°0 15¢°0

(ww) ag's (ww)ypim
nans ST

€100 8sv'0
<100 €0v°0
100 86£°0
100 s€0
8100 61€°0
100 9T€0
100 68C°0
ST0°0 S0¢°0
ST0°0 LLT°0
000 weo
€200 veeo
8100 0Te0
S¢00 06¢°0
0€0°0 §9¢°0
€200 9s¢'0
100 o
00 [44 4]
S¢00 60¢°0

(ww)-ag's (ww)ypim
nans 0€

SC0°0 6170
S10°0 8LE°0
L10°0 §5€°0
9100 EveE0
100 T1€0
€100 £0€°0
600°0 14740
800°0 610
T10°0 €510
ST0°0 LT€°0
6100 €6C°0
L10°0 vLC0
6¢0°0 9C0
9100 Elz4y)
6100 Elzal)
000 [444Y]
1100 1eo
800°0 96T°0

(ww)-g's (wuw)yipim
nns St

€100 €6€°0
<100 €S€°0
100 eo
00 0Te0
8000 00
100 16C°0
6000 €120
8000 9810
100 LSTO
T¢00 STE0
LT0°0 06¢°0
€200 Lo
ST0°0 ¢SC0
8000 veCo
€100 LTC0
0T00 91¢’0
6100 v1co
€100 L8T°0

(ww) a's (ww) ypim
nas .09

L10°0 1S€0
¢100 Tceo
7200 £0€°0
7100 887°0
S00°0 vLT0
¥00°0 6020
£00°0 ¥8T°0
£00°0 7910
1100 SST0
7100 080
8000 192°0
€100 LYT0
1100 6720
1100 S¢Cco
7100 9220
9000 86T°0
€100 0020
L10°0 €610

(ww) g's (ww)ypim

1S 06

¥9°865
86'6LY
TeSesy
voe ety
€06'T6E
£T6°€6C
S6°S6T
6/8'8LT
766°6ST

086°L6€
Y19°9S€E
veCL0E
06L°6¥7C
86€'STC
S6°961
6vEVLT
LTCYIT
S66'61T

HV

LSE0
9550
S9°0
1.0
€€8°0
€€8°0
€€8°0
000°T
0sC'T

1500
€900
S80°0
8¢T°0
[4AN0]
80¢°0
€9¢°0
S8€°0
9550

(s/w)
n

0s
0s
0s
0s
0s
0s
0s
0s
0s

0s
0s
0s
0s
0s
0s
0s
0s
0s

wn

0¢T
08
0L
09
0s
0s
0S
or
0¢

086
08L
08s
08¢
08¢
(04
08T
oct

08

(sn)

Suisind 9duelsigiulod dwil ainsodx3y

00¢
00¢
00¢
00¢
00¢
0sT
001
00T
00T

0s
0s
0s
0s
0s
0s
0s
0s
0s

(m)
J1amod

TiTa Contour Strategy Raw Data

190



Strut Thickness (mm)

Strut Thickness (mm)

0.6

0.5

0.4

0.3

0.2

0.1

0.5

0.4

0.3

0.2

0.1

0.0

Appendix A

Stainless Steel 316

a. 55316 Points Strategy

{ - ©90° R*>=0.76
. - 0 60° R2=0.94
45° R?=0.92
30° R?=0.95
x 15° R?=0.96

500 1000 1500

AH (J/kg)

b. 55316 Contour Strategy

©90° R*=0.73

O o8
B o 1 60° R?=0.92
45° R?=0.86
30° R?=0.88
% 15° R?=0.89
100 200 300 400 500 600

AH (J/kg)

191



Appendix A

0¢0°0 9’0
L10°0 8CE0
S100 L8C°0
9100 8€T'0
00 1s€°0
L10°0 6LT°0
0¢0°0 Elza]
S¢00 6S€°0
£20°0 06C°0
1€00 61C°0
0€0°0 8.1°0
0€0°0 €920
€€0°0 90¢'0
0200 TLS°0
0¢0°0 Ter'o
6100 SEE0
€00 SSC°0
L10°0 €6T°0
00 LEV'O
8¢00 8€E0
8¢0°0 T4
9200 1o
0S0°0 8.1°0
8€0°0 80t°0
100 60€°0
T€00 weo
€00 90¢'0
6€0°0 T91°0
€00 ¥8¢°0
L£00 8T¢°0
L£0°0 881°0

(ww) - as (ww)ypim
nns St

L10°0 (a40]
9€0°0 61€°0
00 €870
9100 85C°0
8100 90¢°0
¥10°0 9¢e0
6100 3 74(0]
8¢0°0 6¢C°0
2200 ¥0T°0
L10°0 991°0
6100 80€°0
0¢0'0 fasTal}
€00 veTo
S10°0 [4AN}
6100 9LT°0
¥10°0 6020
L10°0 981°0
ST00 96170
9100 vLED
9200 €0€°0
€200 1920
Z10°0 €0C°0
S¢0'0 66€°0
6100 €670
0200 LYo
<100 v0C°0
0200 8LT°0
9200 19€°0
L10°0 08¢0
2100 weo
¥10°0 9LT°0
€100 891°0
€100 o
6000 L6T°0
S10°0 [4AN}

(ww) a's (ww)yipim
nns 0€

9€0'0
£20°0
8100
0200
100

00
1100
¥10°0
L10°0
8000

100
100
€100
6000
0¢0'0

£00°0
8100

9€0°0
6¢0°0
9100
100
€100

9100
€100
0100
0100
¢10°0

€100
€100
€100
9100
6000

S10°0
100
0100

(ww) ‘a's (ww) ypim

SLEO
S0
faxa}
£2C°0
€610

¥9C°0
8810
v61°0
£8T°0
0ST'0

LVT0
981°0
0ST'0
9sT°0
W10

TLT°0
1810

(013 40)
€5€°0
S9C°0
8¥C°0
L6T°0

EVE0
6vC’0
1120
S0C0
8ST°0

ElzN]
o
81°0
09T°0
Sv1°0

€120

£L9T°0
1810

s Sy

S100 9€€’0
0¢0'0 evT0
€200 0€C’0
0200 LTT0
S100 1810
L10°0 SSC0
9100 610
6100 681°0
100 S8T°0
0100 wi'o
9100 LST0
S00°0 €810
100 9sT'0
0100 Sv1'0
L10°0 YET'0
8000 vL1°0
1100 8€T'0
100 €0V°0
00 61€°0
2200 6SC°0
0¢0°0 Sv¢'0
L10°0 T8T°0
9100 8T€0
€100 Elza]
100 0Tz0
£L00°0 S61'0
1100 T91°0
100 01€0
8000 LETO
100 SLT0
£L00°0 0LT°0
0200 Y10
£00°0 9020
6000 991°0
0100 8ST°0

(ww) a's (ww) yipim
43S 09

9100
0100
S10°0
8000
8000

S100
8000
8100
1100
0100

S10°0
1100
9¢0'0
9100
0100

0100
6000

0100
L10°0
1200
€100
0100

1100
€00
8000
6000
200

0200
6000
1100
1100
£00°0

0100
100
9100

(ww) a's (ww) yipim

86C°0
9120
L0T°0
€020
SLT°0

9¢C’0
810
0810
LL1°0
wwi'o

S0
LL1°0
6v1°0
wio
9ET’0

191°0
6€1°0

8LT°0
91¢’0
0120
v0C'0
69T°0

9€T'0
681°0
9/T1°0
[7AN0]
¥91°0

150
8L1°0
6v1°0
wi’o
€ET’0

9/1°0

8v1°0
6€1°0

nas 06

9€0€'SL8
9SEY'9¢9
808E’ESY
6EV8VEE
€TrL'SST

LLLY™9S9
1978691
95€0°0vE
6CET'TSC
908'T6T

9LYT'ST9
8199°LEV
8LITETE
069°9¢C
w9t

8€LS°L0E
65¢8°81¢
6809°9ST
CSYEETT
860TL'€8

S6C°0ECT
9€0€’'SL8
95EY'979
808E°ESY
6EV8VEE

€TTL'TL6
LLLY™9S9
1978691
95€0°0vE
6CET'TSC

8097°£98
9LYT'ST9
8199°LEY
8LITETE
069°9¢¢C

0€9'EEY
8€LSL0E
65¢8°81¢
6809°9ST
CSYEETT

HV

1S6TCT0
S608EC0
SYSvsy'o
EEEEEBD
TLS8Cr'T

1S6TCT0
S608€C0
SySvsy'o
EEEEEBD
TLS8Cr'T

8¢L190°0
TS6TCT0
S608€C°0
SYSvsy o
EEEEEB0

8CLT90°0
1S6TCT°0
S608EC0
SYSvSy o
EEEEEBD

8¢LT90°0
1S6TCT0
S608EC0
SYSvsy'o
EEEEEBD

8¢L190°0
TS61ZT0
S608€C0
SySvsv'o
EEEEEBD

9S0T€0°'0
8¢L190°0
TS6TCT0
S608€C°0
SYSvSy o

950100
8¢L190°0
TS6TCT0
S608€C°0
SySvsy'o

(s/w)
n

001 008 00¢
00T 0oy 00¢
001 00¢ 00¢
00T 00T 00¢
001 0s 00¢
00T 008 0stT
00T 00 0SsT
00T 00¢ 0stT
00T 00T 0SsT
00T 0s 0stT
00T 009T 00t
00T 008 00T
00T 00y 00t
001 00¢ 00T
00T 00T 00T
00T 0091 0s

001 008 0s

00T 0oy 0s

00T 00¢ 0s

00T 00T 0s

0S 008 00¢
0s 00y 00¢
0s 00¢ 00¢
0s 001 00¢
0S 0S 00¢
0s 008 0SsT
0s 00y 0st
0s 00¢ 0SsT
0s 001 0stT
0s 0S 0SsT
0s 0091 00T
0s 008 00t
0s 00 00T
0s 00¢ 00t
0s 00T 00T
0s 0091 0s

0s 008 0S

0s 00 0S

0s 00¢ 0S

0s 00T 0s

wn (sn) (m)

Buisind  aduelsiqiulod dwil ainsodxy Jamod

SS316 Points Strategy Raw Data

192



Appendix A

¥c0'0
9100
0100

T¢0°0
LT00
00
S¢0°0

8100

(ww)-@'s (ww)ypim

v1€0
vLc0
8€C0

0ov'0
€€E0
99¢°0
0tco

8vC0

nans ST

1200 69¢°0
<100 91’0
9100 0810
¥10°0 [4AN0)
6000 €LT0
T¢0°0 T€E0
6100 880
9¢0'0 oveo
ST0°0 €810
8100 9610
T10°0 6/T°0
000 810

(ww)-ag's (ww)ypim
nas 0€

S¢0°0
100
S10°0

LT0°0
ST00

9100
LT00
000
6100

8000
9100
1100

(ww)-g's (ww) ypim

9o
11co
0910

8T°0
L8T°0

0eeo0
9.0
€0
0810

€0C0

LLT0
¢sTo

As St

100 9€C’0
1100 60C°0
6100 91°0
00 8/T°0
6100 ¢Uro
9100 9T€0
9100 85¢°0
6000 £0C0
0c00 €91°0
T10°0 L6T°0
87100 89T°0
€100 awlo

(ww)'@'s (ww)yipim
nas 09

8000
€100
100

000
8100

8¢00
ST00
6000
€100

L2000
8100
000

(ww)-g's (ww)yipim

810
1910
LETO

vL1°0
S9T°0

08¢0
290
66T°0
910

0tco

010
Q10

nis 06

S'86€
806'86¢
¢LT661

TrL'SSC
908’161

86,915
860°0TY
66€°€LC
669°9€T

v8vee

€ET'TSC
91

HV

8850
8850
8850
8850

6l
6l
6l
6Cv'T

€1€0
€1€0
€1€0
€1€0

€€8°0
€€8°0
€€8°0
€€8°0

(s/w)
n

09 06 00¢
09 06 0sT
09 06 00T
09 06 0s

09 0€ 00¢
09 0€ 0SsT
09 0€ 00T
09 o€ 0s

o€ 06 00¢
(013 06 0sT
(013 06 00T
(013 06 0s

(013 013 00¢
(013 013 0sT
(013 o€ 00T
(013 013 0s

wn (sn) (m)

Suisind  @dueisigiulod dwi) ainsodx3 Jamod

SS316 Contour Strategy Raw Data

193



Appendix A

References

[1] Y.S. Touloukian, D.P. DeWitt, Thermophysical properties of matter-the tprc data series.
volume 7. thermal radiative properties-metallic elements and alloys, THERMOPHYSICAL
AND ELECTRONIC PROPERTIES INFORMATION ANALYSIS CENTER LAFAYETTE
IN, 1970.

[2] R. Wauthle, S.M. Ahmadi, S. Amin Yavari, M. Mulier, A.A. Zadpoor, H. Weinans, J. Van
Humbeeck, J.-P. Kruth, J. Schrooten, Revival of pure titanium for dynamically loaded porous

implants using additive manufacturing, Materials Science and Engineering: C 54 (2015) 94-
100.

[3] Y. Touloukian, R. Powell, C. Ho, M. Nicolaou, Thermophysical Properties of Matter-The
TPRC Data Series. Volume 10. Thermal Diffusivity, Thermophysical and Electronic Properties
Information Analysis Center Lafayette In, 1974.

[4] S. Amin Yavari, R. Wauthle, J. van der Stok, A.C. Riemslag, M. Janssen, M. Mulier, J.P.
Kruth, J. Schrooten, H. Weinans, A.A. Zadpoor, Fatigue behavior of porous biomaterials

manufactured using selective laser melting, Materials Science and Engineering: C 33(8) (2013)
4849-4858.

[5] R. Wauthle, J. van der Stok, S. Amin Yavari, J. Van Humbeeck, J.-P. Kruth, A.A. Zadpoor,
H. Weinans, M. Mulier, J. Schrooten, Additively manufactured porous tantalum implants, Acta
Biomaterialia 14 (2015) 217-225.

[6] Y.L. Zhou, M. Niinomi, T. Akahori, Effects of Ta content on Young’s modulus and tensile
properties of binary Ti-Ta alloys for biomedical applications, Materials Science and
Engineering: A 371(1) (2004) 283-290.

[7] W.E. King, H.D. Barth, V.M. Castillo, G.F. Gallegos, J.W. Gibbs, D.E. Hahn, C. Kamath,
A.M. Rubenchik, Observation of keyhole-mode laser melting in laser powder-bed fusion

additive manufacturing, Journal of Materials Processing Technology 214(12) (2014) 2915-
2925.

[8] S. Tsopanos, R.A.W. Mines, S. McKown, Y. Shen, W.J. Cantwell, W. Brooks, C.J.
Sutcliffe, The Influence of Processing Parameters on the Mechanical Properties of Selectively

Laser Melted Stainless Steel Microlattice Structures, Journal of Manufacturing Science and
Engineering 132(4) (2010) 041011-041011.

194



9 Appendix B — Stochastic Porous Structure Raw Data & Further
Optimisation Graphs

The raw data for all mechanical testing is presented in the following appendix. Plots displaying

the relationship between compressive yield strength, fatigue strength, apparent modulus and

build time to relative density are shown for all laser parameters, scanning strategies and

materials explored.

B.1 Raw Data and Laser Parameters

Notation:

Laser Power-Exposure Time/Off Time!-Point Distance x(number of repeated exposures)
OC = Contour

! For pulsing strategy only

 Laser parameter used for Ti64 optical microscopy and SEM microstructure images and for

the EBSD specimens in Section 4.2.4
b Parameter used for material comparison SEM Images in Section 5.2.2.4

¢ Parameter used for material comparison microscopy images in Section 5.2.2.4

Ti64
. Density | Modulus | Modulus Yield Yield
Sample Name Density S.D. (MPa) S.D. Stress Stress
(MPa) S.D.

Points
50-400-50 8.75% | 0.10% 0.303 0.006 3.636 0.094
50-600-50 10.43% | 0.09% 0.813 0.020 11.017 0.149
50-800-50 11.86% | 0.02% 1.196 0.024 16.358 0.293
50-1200-50 14.88% | 0.15% 1.900 0.016 26.557 0.501
50-1600-50 17.62% | 0.06% 2.577 0.037 35.411 0.752
50-2000-50* 20.69% | 0.24% 3.502 0.060 48.323 1.723
50-2400-50 22.63% | 0.05% 4.198 0.014 57.970 0.452
50-2800-50 23.47% | 0.06% 4.306 0.058 57.035 1.173
200-30-50 10.06% | 0.05% 0.469 0.027 5471 0.172
200-50-50 14.96% | 0.27% 1.382 0.051 16.969 1.312
200-70-50 15.33% | 0.21% 1.824 0.009 21.575 0.245
200-80-50 18.35% | 0.24% 2.747 0.057 35.527 0.747
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200-100-50? 19.93% | 0.00% 3.199 0.092 42.107 0.894
200-120-50 19.19% | 0.07% 3.173 0.020 40.345 0.461
200-150-50 21.76% | 0.12% 4.469 0.097 58.985 0.590
200-200-50 21.93% | 0.34% 4.608 0.112 59.035 0.940
Outer Contour
OC 50-100-50 9.64% | 0.09% 0.731 0.005 10.193 0.078
OC 50-400-100 10.97% | 0.18% 1.128 0.030 16.119 0.316
OC 50-200-50 12.46% | 0.14% 1.374 0.025 19.798 0.119
OC 50-400-50 15.96% | 0.01% 2.284 0.026 32.815 0.286
OC 50-600-50* 19.87% | 0.11% 3.330 0.037 48.548 0.291
OC 50-800-50 23.08% | 0.20% 4.398 0.066 63.392 1.162
OC 200-30-50 8.09% | 0.17% 0.512 0.009 6.609 0.085
OC 200-50-100 8.83% | 0.15% 0.580 0.020 7.470 0.227
OC 200-40-50 10.35% | 0.09% 0.997 0.020 14.171 0.205
OC 200-50-50 14.49% | 0.04% 1.861 0.020 25.799 0.048
OC 200-100-100 18.53% | 0.14% 2.978 0.040 40.205 0.368
OC 200-60-50 20.39% | 0.17% 3.709 0.047 49.807 0.355
OC 200-70-50 23.27% | 0.28% 5.670 0.083 78.781 0.713
Pulsing
50-50/50-50 x5 5.95% | 0.11% 0.109 0.004 0.821 0.140
50-50/50-50 x8 8.01% | 0.24% 0.325 0.008 4.002 0.134
50-50/50-50 x15 10.75% | 0.23% 0.766 0.008 10.598 0.165
50-50/50-50 x20 12.27% | 0.10% 0.958 0.007 13.517 0.160
50-200/200-50 x2 7.56% | 0.18% 0.350 0.012 4.562 0.063
50-200/200-50 x5 11.77% | 0.07% 1.084 0.060 15.934 0.555
50-200/200-50 x10 | 18.00% | 0.35% 2.098 0.050 28.625 0.975
50-200/200-50 x15 | 23.08% | 0.42% 2.687 0.006 34.394 1.454
50-200/200-50 x20* | 27.19% | 0.06% 3.464 0.055 41.308 2.614
200-20/20-50 x2 6.86% | 0.18% 0.014 0.002 0.129 0.017
200-20/20-50 x5 10.05% | 0.12% 0.687 0.017 7.794 0.133
200-20/20-50 x10 13.24% | 0.20% 1.593 0.025 20.491 0.876
200-20/20-50 x15 17.26% | 0.19% 2.649 0.031 36.016 0.865
200-20/20-50 x20 17.50% | 0.27% 3.192 0.062 41.179 1.072

Ti64 Mechanical and Material Testing Raw Data
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Specimen Density ‘ Internal Porosity
Points
50-400-50 7.98% 0.00%
50-800-50 11.58% 0.01%
50-1600-50 15.50% 0.01%
50-2000-50* 21.70% 0.09%
200-30-50 10.32% 0.02%
200-50-50 14.08% 0.20%
200-80-50 17.68% 0.34%
200-100-50* 19.19% 0.34%
Contour
OC 50-100-50 9.22% 0.01%
OC 50-200-50 12.57% 0.01%
OC 50-400-50 15.79% 0.01%
OC 50-600-50* 19.65% 0.02%
Pulsing

50-200/200-50 x2 8.20% 0.01%
50-200/200-50 x5 13.30% 0.04%
50-200/200-50 x10 16.18% 0.11%
50-200/200-50 x20? 27.75% 0.23%

Ti64 Micro-CT Results

Appendix B
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SS316
| Density | Modulus | Modulus | Yi¢ld Yield
Sample Name Density S.D. (MPa) S.D. Stress Stress
(MPa) S.D.
Points
50-600-50 7.59% | 0.03% 0.7 0.0 2.6 0.03
50-800-50 8.61% | 0.01% 1.1 0.0 4.0 0.03
50-1200-50 10.27% | 0.01% 1.8 0.0 6.0 0.02
50-1600-50 12.04% | 0.02% 2.4 0.1 7.8 0.04
50-2000-50 13.54% | 0.04% 2.9 0.1 9.6 0.20
50-2400-50 14.64% | 0.04% 3.4 0.1 11.4 0.04
200-50-50 10.71% | 0.10% 0.9 0.0 3.7 0.09
200-70-50 11.39% | 0.11% 1.1 0.0 4.5 0.14
200-100-50 14.72% | 0.10% 2.8 0.0 10.1 0.12
200-120-50 14.40% | 0.06% 2.6 0.0 9.3 0.17
200-150-50 16.88% | 0.03% 4.5 0.0 15.3 0.17
200-200-50 17.70% | 0.21% 4.8 0.1 16.3 0.25
Outer Contour
OC 50-100-50 6.30% | 0.04% 0.5 0.0 2.3 0.03
OC 50-200-50 8.29% | 0.01% 1.1 0.0 4.2 0.04
OC 50-400-50 10.65% | 0.05% 1.9 0.0 6.6 0.06
OC 50-600-50 12.77% | 0.05% 2.7 0.0 9.1 0.02
OC 50-800-50 14.36% | 0.01% 3.5 0.0 11.1 0.04
OC 200-30-50 6.08% | 0.02% 0.3 0.0 1.4 0.02
OC 200-40-50 8.20% | 0.09% 1.0 0.0 3.8 0.06
OC 200-50-50 11.42% | 0.11% 2.0 0.0 7.2 0.12
OC 200-60-50 15.46% | 0.06% 3.6 0.0 13.0 0.12
OC 200-100-50 | 22.47% | 0.19% 8.1 0.2 29.8 0.40
Pulsing
50-200/200-50 x4 | 7.54% | 0.03% 0.8 0.0 3.0 0.03
50-200/200-50 x5 | 8.25% | 0.01% 1.0 0.0 3.7 0.02
50-200/200-50 x8 | 10.05% | 0.06% 1.5 0.0 53 0.03
50-200/200-50 x10 | 10.84% | 0.06% 1.9 0.0 6.2 0.04
50-200/200-50 x15 | 13.10% | 0.10% 2.5 0.1 8.2 0.05
50-200/200-50 x20 | 15.19% | 0.04% 3.1 0.0 10.1 0.03
200-20/20-50 x8 9.40% | 0.14% 1.1 0.0 4.1 0.13
200-20/20-50 x10 | 10.34% | 0.06% 1.5 0.0 5.5 0.10
200-20/20-50 x15 | 13.13% | 0.19% 2.6 0.0 9.2 0.11
200-20/20-50 x20 | 14.58% | 0.26% 3.6 0.1 12.0 0.30
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SS316 Mechanical and Material Testing Raw Data

Specimen Density ‘ Internal Porosity
Points
50-600-50 7.68% 0.00%
50-800-50 9.12% 0.00%
50-1600-50 12.68% 0.00%
50-2400-50 15.02% 0.00%
200-50-50 11.50% 0.08%
200-70-50 12.22% 0.13%
200-120-50 14.87% 0.17%
200-150-50 16.72% 0.76%
Contour
OC 200-30-50 6.80% 0.03%
OC 200-40-50 8.62% 0.13%
OC 200-50-50 11.92% 0.23%
OC 200-60-50 16.70% 0.48%
Pulsing

200-20/20-50 x8 9.80% 0.14%
200-20/20-50 x10 10.90% 0.26%
200-20/20-50 x15 13.54% 0.50%
200-20/20-50 x20 14.61% 0.70%

SS316 Micro-CT Results
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Biomaterial Comparison Testing Raw Data

Fatigue Fatigue
Specimen Density Modulus Modulus Yield Stress Yield Strerfgth Strer?gth
(MPa) SD (MPa) Stress SD 6
(10°) s.D.
50-400-50 8.75% 303.3 6.0 3.6 0.1 0.5 0.1
50-800-50 11.86% 1195.9 24.4 16.4 0.3 2.5 0.2
50-1600-50 17.62% 2577.0 36.8 354 0.8 53 0.5
50-2000-50 20.69% 3502.1 59.8 48.3 1.7 6.6 0.7
200-30-50 10.06% 469.4 27.3 5.5 0.2 0.8 0.1
200-50-50 14.96% 1381.6 51.0 17.0 1.3 2.5 0.2
200-80-50 18.35% 2746.7 57.1 35.5 0.7 53 0.5
200-100-50 19.93% 3198.9 92.3 42.1 0.9 6.3 0.6
Tied

0OC_50-100-50 9.64% 730.7 5.1 10.2 0.1 1.5 0.1
0C_50-200-50 b 12.46% 1374.0 24.8 19.8 0.1 3.0 0.3
0OC_50-400-50 15.96% 2283.5 26.5 32.8 0.3 4.9 0.5
0OC_50-600-50 ¢ 19.87% 3329.9 36.8 48.5 0.3 7.3 0.7
50-200/200-50-x2  7.56% 349.5 12.4 4.6 0.1 0.6 0.1
50-200/200-50-x5 11.77% 1084.0 60.2 15.9 0.6 2.4 0.2
50-200/200-50-x10 18.00% 2097.9 49.7 28.6 1.0 4.3 0.4
50-200/200-50-x20 27.19% 3464.4 55.3 41.3 2.6 7.2 0.6
0C_200-40-50 7.93% 979.64 38.96 8.72 0.16 2.5 0.1
Ta 0C_200-50-50 be 9.30% 1533.91 5.12 13.96 0.12 4.2 0.2
0OC_200-70-50 13.93% 3373.25 49.79 30.14 0.48 9.0 0.4
0OC_200-90-50 16.39% 5091.53 92.17 44.24 0.65 13.8 0.6
0OC_50-100-50 7.60% 530.89 9.30 4.26 0.03 1.3 0.1
0C_50-200-50 9.63% 979.92 6.03 7.97 0.02 2.4 0.1
Cp-Ti| OC_50-400-50°¢ 12.78%  1715.26 29.87 13.60 0.20 4.1 0.2
0OC_50-600-50 15.18% 2435.97 7.01 18.96 0.02 5.9 0.3
0OC_50-850-50 18.13% 3370.91 21.21 27.27 0.36 8.5 0.4
0OC_50-100-50 7.71% 535.47 8.89 6.28 0.03 1.3 0.1
0OC_50-200-50 10.53% 995.86 11.09 12.33 0.09 2.6 0.2
TiTa | OC_50-400-50 be 13.85% 1593.13 14.50 21.14 0.07 4.2 0.3
0OC_50-600-50 16.84% 2268.79 14.79 30.13 0.11 6.0 0.4
OC_50-950-50 20.62% 3112.32 70.48 41.31 0.43 8.3 0.6

Material Comparison Raw Test Data (Chapter 5)
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B.2 Further Optimisation Plots

The following figures display the relationships between yield strength, modulus, fatigue
strength and build time with relative density for variations in laser parameters, scanning

strategy and base material.
Notation:

p* - Relative Density

o — Yield or Fatigue Stress
E - Modulus
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Ti64
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Scanning Strategy Optimisation
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SS316
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Material Optimisation
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10 Appendix C — EBSD Data

The following appendix presents all the EBSD data gathered, including orientation maps, grain
maps, pole figures, phase maps as well as grain size, grain angle and grain aspect ratio
distributions. Note: EBSD imaging had a relatively low hit rate (on average ~80%), thus results

are only presented in Appendix C due to lack of confidence.

AT ..c&! >, {,m R T A N T B ‘) 4“? MJ%" TR T R ,"Lﬁxg?;,

Paint (200W Cogtour (50W)f Pulsmg (50W) =

T 2 S

EBSD orlentatlon maps (Top) and graln maps (bottom — restrlcted to just the struts and not
including any mounting material) for varying laser parameters and scanning strategies,
coloured according to crystal orientation figure below
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(1010)

Titanium Titanium-Beta
EBSD Pole Figures for Titanium (left) and Titanium-Beta (Right) with varying laser
parameters and scanning strategies. Coloured according to Titanium and Titanium-Beta,
coloured according to crystal orientation figure below
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(1010)
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Crystal orientation colour code for Titanium and Titanium-Beta
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EBSD Phase Maps (maps are restricted to just the struts) for varying laser parameters and
scanning strategies

213



Appendix C

Distribution [%] no. of grains: 5173 avg. size:8.05 um
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no. of grains: 5173
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Aspect ratio
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11 Appendix D — Ex-vivo Sheep Bone Raw Data

Specimen Core Apparent Density (g/cm?) Modulus (MPa)
1 1 0.379 515.0
1 2 0.241 134.3
1 3 0.322 123.5
1 4 0.210 56.5
2 1 0.621 1681.3
2 2 0.491 649.9
2 3 0.511 1039.1
2 4 0.364 722.4
3 1 0.651 1306.1
3 2 0.549 1512.4
3 3 0.499 825.6
3 4 0.412 663.4
4 1 0.531 1467.8
4 2 0.544 949.6
4 3 0.604 911.4
4 4 0.404 503.7
5 1 0.799 2737.7
5 2 0.635 1253.7
5 3 0.709 1701.1
5 4 0.449 1050.6
6 1 0.657 2001.1
6 2 0.679 1165.6
6 3 0.516 939.4
6 4 0.375 858.1
7 1 0.720 2318.9
7 2 0.501 1217.9
7 3 0.511 1660.3
7 4 0.343 606.3

Mechanical Test Data of ex-vivo ovine bones

217



Appendix D

Location | Pilot 1R 2R 3L 4R 5R 6L 7L
111 0.51 0.24 0.63 0.56 0.48 0.76 0.61 0.68
112 0.47 0.34 0.69 0.69 0.69 0.88 0.70 0.76
113 0.70 0.38 0.89 0.73 0.90 0.88 0.78 0.85
121 0.45 0.31 0.60 0.51 0.45 0.60 0.54 0.60
122 0.35 0.49 0.77 0.66 0.61 0.75 0.64 0.60
123 0.58 0.50 1.23 0.62 0.72 0.74 0.68 0.69
131 0.46 0.28 0.63 0.49 0.36 0.37 0.59 0.62
132 0.37 0.38 0.57 0.65 0.51 0.52 0.46 0.42
133 0.46 0.42 0.92 0.63 0.65 0.53 0.52 0.66
211 0.43 0.19 0.53 0.49 0.64 0.74 0.51 0.55
212 0.43 0.28 0.60 0.60 1.01 0.81 0.60 0.60
213 0.58 0.42 0.78 0.67 0.89 0.88 0.76 0.71
221 0.28 0.16 0.52 0.45 0.40 0.58 0.46 0.53
222 0.28 0.30 0.61 0.59 0.69 0.65 0.51 0.53
223 0.43 0.40 0.83 0.56 0.78 0.67 0.52 0.58
231 0.30 0.15 0.45 0.39 0.31 0.22 0.37 0.35
232 0.22 0.27 0.50 0.51 0.42 0.41 0.36 0.32
233 0.31 0.33 0.77 0.42 0.54 0.35 0.32 0.36
311 0.44 0.34 0.49 0.55 0.50 0.71 0.55 0.47
312 041 0.47 0.76 0.49 0.61 0.65 0.56 0.51
313 0.55 0.59 0.88 0.64 0.90 0.77 0.68 0.62
321 0.29 0.20 0.47 0.45 0.47 0.53 0.46 0.49
322 0.27 0.44 0.54 0.46 0.51 0.54 0.46 0.48
323 0.41 0.48 0.87 0.48 0.70 0.64 0.49 0.57
331 0.17 0.10 0.37 0.33 0.39 0.11 0.30 0.38
332 0.21 0.23 0.38 0.40 0.45 0.28 0.30 0.34
333 0.29 0.26 0.54 0.33 0.55 0.26 0.24 0.40

Density variation in g/cm? for the 8 CT-scanned ovine femora. Location notation: XYZ, X:

Posterior-Anterior, Y: Medial-Lateral, Z: Inferior-Superior; all going 1-3 respectively.
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Location | Pilot 1R 2R 3L 4R 5R 6L 7L
111 946.4 153.0 | 1615.5 | 1209.7 | 839.3 | 2518.9 | 1470.9 | 1945.8
112 775.6 340.0 | 2052.6 | 2044.1 | 2005.6 | 5317.2 | 2090.2 | 2589.4
113 2094.3 | 456.6 | 5439.0 | 23394 | 5940.9 | 5314.3 | 2703.9 | 4113.2
121 707.3 269.8 1419.3 | 947.5 698.0 | 1443.0 | 1093.1 | 1408.8
122 386.8 878.0 | 2664.0 | 1790.3 | 1508.1 | 2450.0 | 1651.8 | 1436.1
123 1302.7 | 926.4 | 16734.3 | 1544.9 | 2251.4 | 2414.5 | 19749 | 2004.6
131 727.0 214.2 1592.3 | 860.5 396.4 423.2 | 1378.1 | 1528.5
132 429.9 469.1 1264.8 | 1710.8 | 971.5 | 1000.3 | 754.0 600.2
133 724.0 592.5 | 6503.6 | 1583.9 | 1732.1 | 1049.8 | 1008.6 | 1791.4
211 633.0 79.6 1073.3 | 847.0 | 1660.5 | 23789 | 954.6 | 1138.4
212 632.6 220.1 1412.2 | 1438.5 | 9547.3 | 2773.0 | 1455.7 | 1447.1
213 1339.7 | 598.1 | 2767.3 | 1859.7 | 5659.8 | 5081.2 | 2571.2 | 2183.7
221 216.0 52.1 981.4 696.0 5379 | 1287.5 | 721.5 | 1040.7
222 217.6 251.5 1499.7 | 1357.6 | 2048.7 | 1769.0 | 974.0 | 1029.8
223 611.9 5293 | 3677.4 | 1221.5 | 2687.8 | 1878.7 | 1020.4 | 1320.8
231 256.6 442 688.1 500.8 272.6 114.2 437.5 364.1
232 121.0 192.4 916.5 966.3 588.4 568.6 403.1 295.1
233 283.5 329.7 | 2624.1 | 606.8 | 1122.1 | 364.6 298.4 400.0
311 680.6 355.7 883.4 | 1153.8 | 891.2 | 2187.6 | 1168.1 | 770.4
312 573.9 771.8 | 2600.3 | 863.3 | 1464.5 | 1747.5 | 1211.8 | 947.0
313 1162.4 | 1347.2 | 5361.3 | 1660.0 | 5782.8 | 2609.4 | 1951.4 | 1558.7
321 232.2 92.4 796.5 712.0 768.1 | 1046.6 | 722.5 883.4
322 192.3 653.1 11194 | 755.0 933.8 | 1095.1 | 740.1 811.0
323 559.8 820.0 | 5047.2 | 812.4 | 2116.0 | 1705.9 | 848.7 | 1278.0
331 59.7 16.4 426.8 332.3 506.4 23.5 262.4 470.3
332 100.8 137.8 458.3 532.9 709.1 217.4 248.6 348.9
333 235.3 185.2 10919 | 329.0 | 1135.7 | 184.8 141.1 537.8

Modulus (E) variation in MPa for the 8 CT-scanned ovine femora, where E=5041.2p"%5%
Location notation: XYZ, X: Posterior-Anterior, Y: Medial-Lateral, Z: Inferior-Superior; all
going 1-3 respectively.
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12 Appendix E — Rights and Permissions
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